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ABSTRACT
QUANTITATIVE PROBING OF VACANCIES AND IONS DYNAMICS IN
ELECTROACTIVE OXIDE MATERIALS

FEBRUARY 2019

JIAXIN ZHU
B.S., SHANGHAI JIAOTONG UNIVERSITY
M.S., UNIVERSITY OF PENNSYLVANIA
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Stephen S. Nonnenmann

Oxygen vacancy and ion dynamics in functional oxides are critical factors influencing
electrical conductivity and electrochemical activity of oxides assemblies. The recent
advancements in deposition and fabrication of oxide heterostructured films with atomiclevel precision has led to discovery of intriguing physical properties and new artificial
materials. While still under debate, researchers most often attribute these observed
behaviors to unique oxygen vacancy distributions in the substrate near heterointerfaces.
In electroactive oxides devices such as solid oxide cells (SOCs), oxygen vacancy and ion
transport at the triple-phase boundary determines the performance of the device. This
complex process motivates numerous remaining questions regarding the redox reaction
and performance limitation mechanism, both of which are waiting to be addressed.
Improving the fundamental understanding of the aforementioned local physical
properties at size scales approaching the mesoscale and nanoscale requires local
vii

characterization of oxygen vacancy dynamics and electrochemical activity under
operating conditions. A miniature environmental chamber capable of operating at
temperature above 500 ℃ and various gas environment was developed and introduced
into this in situ research.
I first demonstrated this novel in situ SSPM method to explore the local ionic
conductivity / activation energy of electrolyte material in SOC assemblies. These results
are subsequently compared to macroscopic electrochemical impedance results and bulk
literature values, thus supporting the validity of the approach.
I subsequently extended the high temperature SSPM technique to probe the surface
potential variation across a multilayer complex oxide heterostructure films deposited on
Nb:doped SrTiO3 substrates. Through classic semiconductor energy band diagram model
analysis, the surface potential profiles measured were converted to spatially defined (<
100 nm) [V"•• ] profiles within STO. The results presented herein i) introduce the means to
spatially resolve quantitative vacancy distributions across oxide films, and ii) pose the
mechanism by which oxide thin film getters both enhance then deplete vacancies within
the underlying substrate.
Finally, I made use of the ~100 nm resolution feature of the SSPM technique to
investigate charged surface adsorbate-oxygen vacancy interactions at the triple-phase
boundary region in a CO2 environment, manifested as small perturbations of opposite sign
in reference to the applied biases. Through fabricating 2D planar structured SOEC
assemblies and varying the GdO1.5 dopant concentration in ceria electrode material, the
correlation between the potential loss at the electrode | electrolyte interface and oxygen
vacancy concentration in ceria electrode was established based on the measured
potential loss at the interfacial region. And potential works involving in situ APXPS to
provide chemical information and theoretical modeling to further enhance our
viii

understanding of the CO2 reduction reaction mechanisms on ceria based SOEC electrode
were proposed.
In summary, the works in this thesis demonstrate functional imaging of electroactive
oxide heterointerfaces in dynamic environments combined with dopant analysis to yield
quantitative defect distributions within oxide films. I also show to probe the local ionic
conductivity of SOC electrolyte and charge distribution / potential loss near electrode |
electrolyte interface. These results are theoretically interpreted as local activation energy
for anionic oxygen transportation in electrolyte and oxygen vacancy / surface adsorbates
interactions at triple-phase boundary. The developed in situ SSPM technique provides a
new approach to access the fundamental information hiding behind the surface electrical
response and questions it is potentially able to address will broadly impact the materials
science, electrochemical, and solid-state physics communities.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and overall goals

Oxygen vacancy and ion diffusion in complex oxides are critical to manipulate the
various physical properties in functional oxides materials, including electronic conductivity,
ionic conductivity, and electrochemical catalytic activity. As a result, the importance of
understanding the defect formation process and its distribution in the oxide materials, as
well as the ion diffusion and surface redox activity require advanced characterization
technology to resolve these behaviors in extreme environment (e.g., high temperature,
reactive gas environment, large applied biases). The existing techniques, such as Hall
measurement, cathode and photoluminescence, scanning transmission electron
microscopy (STEM), electron energy loss spectroscopy (EELS), or

electrochemical

impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), are either
suffered with no or low spatial resolution, or incapable of operating in high temperature
gas environment. More importantly, these techniques can be only implemented to deal
with a few certain physical, functional properties.
Recent advancements in scanning probe microscopy (SPM) and its derived
techniques has enabled itself to explore various physical properties through detection of
different types of tip - surface interactions including electrical, mechanical, magnetic and
electrochemical properties, which has driven the instruments to address more
fundamental scientific questions in the functional oxides materials and devices.
This thesis is motivated by two major, woefully understudied scientific questions:

1

1. Why and how would oxygen vacancies form during thin film deposition process
under high temperature and various oxygen partial pressures? To address these
questions, creating a novel characterization technique to quantitatively obtain the
oxygen vacancy distribution profile in transition metal oxides, e.g., strontium
titanium oxide (STO), in the heterostructures, is necessary.
2. How exactly do the fundamental electrochemical processes at the solid oxide
cells (SOC) surface and interfaces carry out, including the process involving
charge transfer, reactant accumulation / depletion and ion dynamics? Yttriastablized zirconia (YSZ) is the most widely used solid oxide fuel cell (SOFC)
electrolyte materials, yet its local conductivity variation and activation energy
could not be extracted with existing characterization techniques. Cerium oxide is
a promising material as the solid oxide electrolysis cell (SOEC) electrode for
carbon dioxide (CO2) reduction due to its high ionic conductivity, large oxygen
storage capability and fast chemistry.1 Yet the universal mechanism of CO2
activation on ceria is still unclear and under fierce debate.2–7
While in situ characterization techniques have long been involved into evaluating the
oxygen vacancy formation process as well as performance of SOC, operando techniques
which is able to locally resolve electrochemical phenomenon and oxygen vacancy
dynamics under high temperature (> 500 ℃) condition in sub-100 nm resolution is largely
elusive.8 And recent development of SPM, as mentioned before, makes the technique
possible to operate under elevated temperature, which brought the technique into its
uncharted

area,

i.e.,

characterizing

oxygen

vacancy

distribution

profile

and

electrochemical phenomenon in complex oxide heterostructure and SOC assemblies.
The overall goal of this thesis is to exploit the resolution of high temperature scanning
surface potential microscopy (HT-SSPM) to:
2

1. Probe electrostatic potential variation in YSZ electrolyte under realistic,
intermediate SOFC operating temperatures ranging from 500 – 600 ℃. And
obtain local conductivity and activation energy with measured macroscopic
current under various temperatures and Arrhenius equation.
2. Extract quantitative oxygen vacancy concentration profile in complex oxide
heterostructures derived directly from local surface potential through
application of semiconductor band diagram model.
3. Investigate carbon dioxide (CO2) reduction reaction mechanism at cerium
oxide working electrode surface in the planar solid oxide electrolysis cell
(SOEC) structure under operation temperature (400 – 500 °C). Establish the
correlation between the GdO1.5 dopant concentration in ceria electrode and
polarity at the electrode / electrolyte interface.

And future work including

ambient pressure X-ray photoelectron spectroscopy (AP-XPS) is proposed to
further support the conclusion drawn.

1.2 Organization of the dissertation

Chapter 1 gives the introduction and objectives of the thesis. A literature review with
background knowledge of solid oxide cell (SOC) as well as the current research involving
applying scanning probe microscopy (SPM) to the SOC characterization are given in
Chapter 2. Chapter 3 will start with a brief review of development of miniature
environmental chamber used in the studies throughout the entire thesis. Afterwards, a
novel approach to use in situ SSPM to measure local potential variation is presented along
with the estimation of local activation energy based on the measured potential gradient
and current density.

9

In Chapter 4, I will present my research regarding quantitatively
3

probing the oxygen vacancy distribution in complex oxide heterostructures and answer
questions of why and how the detected large oxygen vacancy depletion formed in the
substrate. Starting from Chapter 5, the research regarding the CO2 reduction reaction
mechanism on the ceria electrode based solid oxide electrolysis cell (SOEC) assemblies
will be introduced. The work in Chapter 5 involves probing the oxygen vacancy-charged
surface adsorbates interaction as well as graphitic carbon deposition during
electrochemical reaction. And the establishment of correlation between GdO1.5 dopant
concentration in ceria electrode and the potential polarization at electrode / electrolyte
interface combining with the possible explanation to this phenomenon is proposed in
Chapter 6. In the last part, Chapter 7, the conclusion of this thesis work as well as the
possible future directions of the research are proposed.

1.3 Publications
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CHAPTER 2
LITERATURE REVIEW: APPLICATIONS OF SPM IN SOLID OXIDE CELL (SOC)
CHARACTERIZATION

2.1 Solid oxide cells (SOC)

Solid oxide cells (SOC) are a type of devices to convert chemical energy into
electricity (solid oxide fuel cell, SOFC) or to employ electricity to drive electrolysis
reactions (solid oxide electrolysis cell, SOEC). Although the energy conversion direction
of SOFC and SOEC are entirely opposite, the fundamental mechanisms are similar to
each other.10 SOC is composed of three parts: anode, electrolyte and cathode. During
operation, oxygen (SOFC) or fuel gases (SOEC) is reduced at cathode side of the cell to
form oxygen ion O2- (oxygen reduction reaction). Subsequently, O2- will transport through
the ionic conductive electrolyte layer and stripped two electrons at anode side (oxygen
evolution reaction). Illustration of the two types of the devices and its operation principles
are demonstrated in Fig. 2.1.
Since the increasing demand of clean energies and concern of atmospheric
greenhouse emissions, both SOFC and SOEC received a great amount of research focus
especially in achieving lower operation temperature, higher conversion efficiency,
expansion of device lifetime and reducing cost.11,12 Understanding the fundamental
underpinning mechanisms are the prerequisite to reach the objectives. Gas-solid
electrochemical reactions in SOCs take place at the triple phase boundary (TPB) and its
limited surroundings. Therefore, the active regions of SOCs where electrochemical
reactions take place are confined to micron and sub-micron range at the
electrode/electrolyte interfaces.

Performance of SOFC and SOEC is determined by
6

complex mechanisms, including oxygen vacancy diffusion, electronic transport and gas
adsorption and reactions at the TPB. Traditional techniques, such as current-voltage (I-V)
measurement and electrochemical impedance spectroscopy (EIS), merely yield
macroscopic performance of the full system,13,14 which is of limited value when
investigating the fundamental underpinning mechanisms based on the physical and
electrochemical phenomenon at active regions. While X-ray photoelectron spectroscopy
(XPS) has successfully acquired surface potential and oxidation/reduction states, the
resolution confined to ~20 µm15–17, which could omit critical nanoscale phenomenon such
as space charge region at electrodes/electrolyte interface and electrochemical active
region in SOC. As a result, an approach capable of detecting varieties of physical and
fundamental properties with high resolution (nm) is required to understand the mechanism
behind the SOC.

Figure 2.1. Illustration of operation mechanism and typical electrochemical reactions in (a) solid
oxide electrolysis cell (SOEC) and (b) solid oxide fuel cell (SOFC).
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2.2 Scanning probe microscopy (SPM)

Scanning probe microscopy (SPM), as an emerging technique born 35 years ago,18
is playing an important role in exploiting the nanoscale properties of materials. The name
of SPM is not a single technique but an intricate integration of all techniques based on the
platform with precise control of tip-surface interaction for measurement. A brief summary
of SPM techniques are listed in Table 2.1.19 With all of these techniques, SPM is capable
of collecting a variety of material properties, such as surface topography, nanoscale
conductivity, electrostatic potential, elastic modulus.
Table 2.1. Overview of scanning probe microscopy-based techniques for probing functional
properties. Adapted from ref[19].
Force-Based

Electronic Current-Based

Contact

Non-contact
(nc)

dc Current

Detection
Principle

Mechanical
forces

Electrostatic
fields

Electronic
current

Methods

AFM, ECAFM, ESM,
PFM

nc-AFM,
EFM, KPFM,
SIM

STM, ECSTM, CAFM, pcAFM

Probed
Information

Topography,
electrochemi
cal and
piezoelectric
strain

Topography,
surface
potential,
workfunction,
capacitance

Tip-surface
current

Lateral
Resolution

1–10 nm

1–10 nm

0.1–10 nm
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ac Current

Ionic
CurrentBased

Electromag
netic Fields

Impedance

Ionic current

Optical and
electromagn
etic fields

NIM

SICM,
SECM,
SMCM,
SECCM

NSOM, μRaman,
SMM

Impedance,
dielectric
function

Electrochemi
cal current
and voltage

Absorption,
emission,
light field
intensity,
vibronic
properties

20 nm

0.5–500 nm

50 nm

2.3 Ex situ SPM measurement on SOC related materials

Since atomic resolution has been achieved and demonstrated in a variety of
studies,20–23 the most intuitive application is to utilize scanning tunneling microscopy (STM)
or atomic force microscopy (AFM) to investigate the morphology of SOC materials.
Successful measurements of surface topography and morphology of SOC cathode,
electrolyte and anode materials and their evolution with longtime operation or different
preparation conditions have been achieved and some examples are demonstrated in Fig.
2.2.24–29 Specially, a recent study (Fig. 2.2.(d)) has shown a novel approach to perform
topography measurement on cross-section of SOFC superlattice electrolyte by applying
focused ion beam (FIB) milling to expose the cross-section of superlattices from the top
surface, provided a novel solution to characterize superlattice structures utilizing SPM
techniques.29 All of the measurements mentioned above are performed under room
temperature.
As mentioned before, SPM is a technique based on the interaction between tip and
sample surface, and the information provided depends on the type of tip-sample
interaction. By utilizing different modes of SPM, more valuable information other than
topography evolution has been discovered.
Electrostatic force microscopy (EFM) and Kelvin probe force microscopy (KPFM),
which are based on the electrostatic interaction between tip and sample surface, are
techniques capable of providing the charge transfer reactions and space charge
distribution. EFM has been successfully utilized to reveal the carbon deposition on nickel
anodes which could degrade the performance of this SOFC anode.30 KPFM was employed
to investigate the local charge distribution on different SOFC materials.31–34 As an example,
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an Pt/YSZ/Pt planar SOFC structure was investigated by KPFM. Fig. 2.3(a) demonstrates
internal overpotential and charge accumulation under large external bias. This work
confirmed the existence of charge redistribution under external bias at PT/YSZ
interfaces.35

(a)

(b)

(c)

(d)

Figure 2.2. (a) AFM image of chemical etched LSM-YSZ composite cathode. Adapted from ref[25].
Due to the different chemical reaction rate of LSM and YSZ to the hydrochloric acid, the etching
procedure creates clear contrast of different phases in AFM image. (b) High resolution AFM image
of (top-left) nearly stoichiometry CeO2 (111); bottom right: slightly reduced CeO2 (111) surface.
Adapted from ref[24]. From the nearly stoichiometry surface, different termination layer could be
clearly identified. Triangular defect and line defect manifested on the surface of slightly reduced
CeO2 surface. (c) AFM images demonstrating dynamic changes of LSM particle on YSZ surface.
Adapted from ref[26]. With the increase of annealing temperature, the LSM particles gradually
disappeared, which was attributed to the formation of thin layer of LSM film on the YSZ surface. (d)
AFM image of LSM/STF superlattices. Adapted from ref[29]. The novel characterization technique
to combine AFM and FIB milling has been proved successful in identifying different layer of
superlattices.
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(a)

(b)

Figure 2.3. (a) (left) Potential profiles collected from CPD image between the Pt electrodes on top
of YSZ surface, under various biases. (right) CPD images collected under 0 V after a 6.8 V bias
applied; (b) 2-D map of (left)topography and (right) ESM images. Adapted from ref[35,36].

Electrochemical strain microscopy (ESM) is another novel technique developed
recently37–39 to interrogate local reversible and irreversible electrochemical process
through applying electric bias field locally while detecting the topography variation
simultaneously. A recent study has extended the ESM application to investigate the
oxygen reduction reaction (ORR) activity SOC cathode material of (La0.8Sr0.2)CoO3±δ/
(La0.5Sr0.5)2CoO4±δ system (LSCO) deposited on a yttria- stabilized zirconia (YSZ)
substrate with an intermediate GdO1.5 doped CeO2 buffer layer (GDC) (Fig. 2.3(b)). ESM
results reveal the oxygen reduction reaction (ORR) activity related to LSCO
microstructures and their different composition. The research provided a method to close
the gap between atomistic theory and macroscopic electrochemical measurements
through correlating local microstructure of cathode materials and electrochemical activity.
Yet currently, the highest reported operation temperature utilizing ESM technique is
11

180 °C.40 Under this temperature, kinetics of oxygen ion incorporation/excorporation at
SOFC materials surface is sluggish despite the high voltage may significantly increase the
diffusion of ions, which only provides an indirect evidence to conjecture materials’ behavior
at actual operation temperature.

2.4 Development of in situ SPM and their application on SOC characterization

Despite the abundant research of utilizing SPM to investigate surface morphology,
oxygen reduction/evolution reactions and localized surface charge transfer in SOC
materials, all work mentioned above were performed under ambient condition.
Electrochemical reactions and oxygen ion transportation are negligible under room
temperature, thus the results collected by SPM under such a condition were limited to
reflect the actual behavior of the materials under operation condition. Therefore,
researchers seek to develop in situ SPM, including high temperature and reactant gas, to
be a more powerful technique to explore the localized properties of SOC materials under
actual operation conditions.
UHV-STM has a long history of performing measurements at elevated temperature
and controlled atmosphere measurement.41–44 In a recent study, the Strontium (Sr)-doped
lanthanum manganite (LSM) MIEC materials were probed under operation temperature
580 °C in 10−3 mbar oxygen pressure and its electronic structure was determined (Fig.
2.4(a)).45 As mentioned in the previous context, researchers have combined SPM and FIB
to investigate the heterostructure interfaces under room temperature. Recently, the
research has been extended to elevated temperature (300 °C) and the oxygen reduction
reaction

(ORR)

reactivity

was

investigate

at

interface

of

La0.8Sr0.2CoO3/(La0.5Sr0.5)2CoO4 (LSC113/214).46 Images of topography, tunneling
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map and I-V spectra collected under various temperatures are demonstrated in Fig. 2.4(b).
The results manifested a transition of LSC113/214 conductivity from insulator under room
temperature to metallic-like state under 300 °C. And the presence of energy gaps between
the two phases under room temperature shrank then disappeared under the temperature
above 250 °C. Since the phenomenon is reversible when temperature decreased to room
temperature, in situ measurement is the only way to characterize this transition.
Figure 5.

(a)

(b)

Figure 2.4. (a) (left) STM topography image of LSM thin film at 580 °C 𝑃45 = 106* 𝑚𝑏𝑎𝑟. (right)
Tunneling I-V spectra collected at surface of LSM thin film at room temperature and elevated
temperatures. Adapted from ref[45]. (b) Topography (top), STS map (middle) and tunneling I-V
spectra collected at cross-section of LSC214/LSC113 interfaces region at (left) room temperature,
(right) 250 °C. Adapted from ref[46].

UHV-STM system enables measurements under elevated temperature and
controlled low oxygen partial pressure. Nevertheless, the typical operando condition for
SOC included both elevated temperature and reactant gas under ambient pressure. And
AFM techniques are based on more types of interactions between tip and sample surface
instead of merely tunneling current in UHV-STM, which is able to obtain a varieties of
surface properties. Thus, AFM system operated under higher oxygen partial pressure has
advantages of SOFC in situ measurements over UHV-STM system.
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Until now, the applications of high temperature in situ AFM in SOC materials research
are still scarce, mainly due to the difficulties to incorporate the heating element with the
piezoelectric scanners within AFM system. Yet systems enabling AFM system to operate
under SOC operating temperature have been developed.47,48 And their successful
applications to investigate the overpotential, conductivity, activation energy in SOC
systems have been demonstrated below.
A system named controlled atmosphere high temperature AFM (CAHT-AFM) was
demonstrated as the first example of performing AFM measurement above 400 °C.49 And
in just a few years, the maximum operation temperature of AFM systems was pushed from
500 °C50 up to 850 °C.51 The first attempt to perform in situ AFM measurement to operating
SOFC system was published in 2013.52 The research utilized scanning surface potential
microscopy (SSPM) (same as KPFM) to image the potential perturbation at the interface
of electrode / electrolyte under realistic SOFC operation conditions has proved the
possibility to resolve the interfacial potential variation and estimate the activation barrier
changes. Fig. 2.5(a) shows the surface potential collected at Strontium (Sr)-doped
lanthanum manganite (LSM) | YSZ and Sr-doped lanthanum ferrite (LSF) | YSZ interfaces.
LSM is an electronic conductor and the cathode reaction takes place only at the TPB
regions, manifested in Fig. 2.5(a)(right) as highest potential occurring at the grain
boundaries closest to the TPB, while LSF is a mixed ionic and electronic conductor (MIEC)
so that the cathode reaction extends into the bulk of LSF electrode, manifested as
increased potential right next to the YSZ electrolyte in Fig. 2.5(a)(left). And subsequent
application of the same technique to investigate the ionic conductivities of YSZ electrolyte
under various temperatures derived the local activation energy of YSZ.9
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(a)

(b)

LSM

Secondary
Phase

YSZ

Figure 2.5. (a)Topography and surface potential maps collected at (left) LSF/YSZ interface and
(right) LSM/YSZ interface through HT-SSPM technique at temperature of 600 °C. Adapted from
ref[52]. (b) Conductance map collected from sample of LSM circle electrode on top of YSZ
electrolyte surface through CAHT-SPM technique at 650 °C in air. Inset: enlarged conductance
map in dotted rectangle, showing the existence of secondary phase at LSM electrode
circumference. Adapted from ref[53].

Conductive AFM operated under high temperature (650 °C in air) has been
demonstrated in recent study51 and subsequently applied to map the conductance of
micro-structured SOFC electrode/electrolyte system.53 Lanthanum strontium manganite
(LSM) microelectrode was patterned on yttria-stabilized zirconia (YSZ). Fig. 2.5(b)
demonstrated the conductance map of the entire electrode and the enlarged area at the
edge of the electrode. While conductance on the electrode surface is almost consistence,
particles with low conductance were observed at the edge, which was confirmed as LaSr-Si oxide secondary phase by time-of-flight secondary ion mass spectrometry (TOF-
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SIMS). Similar measurement could be utilized to identify the insulating phase formed by
solid-state reaction at the interface of electrode/electrolyte interface during operation, e.g.
LSCo/YSZ.54

2.5 Summary

In summary, I reviewed the recent studies utilizing SPM techniques to investigate the
nanoscale properties of SOC systems. Most studies that have been done are limited to ex
situ investigations of the surface morphology evolution, surface defects, charge
distribution and ORR activity at specific interesting regions of SOC at room or low
temperature (< 200 °C) whereas the in situ HT AFM technique capable of operation at
elevated temperature and controlled gas environment is still in its infant stage. The most
recent research showed the possibility to characterize the overpotential at the electrode /
electrolyte interfaces and ohmic loss across the electrolyte under variable temperatures.
And conductivity measurement has also been achieved under controlled gas environment
and operation temperature of SOFC.
By reviewing the recent advancement achieved in in situ SPM techniques, we must
admit that currently most of research applying high-temperature AFM to investigate SOC
materials are still in the stage of technology preview. Results presented above have
demonstrated the possibility of AFM to monitor surface morphology evolution and collect
conductivity, electrostatic potential variation and activation energy of SOC materials. Yet
the huge potential of this novel in situ technology has not been fully exploited. More
sophisticated research I have performed to solve questions puzzling researchers in SOC
area which were not able to be answered by other traditional characterization techniques
will be demonstrated in the subsequent chapters.
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CHAPTER 3
PROBING LOCAL ELECTROCHEMICAL ACTIVITY IN OPERATING SOFC
ELECTROLYTE

3.1 Background

As introduced in Chapter 2 excellent chemical to electrical conversion efficiency1, fuel
flexibility2 and relatively high power output3 make solid oxide fuel cells (SOFCs) a viable
alternative resource to help alleviate increasing global energy demands. To ensure
reaction efficiencies and sufficient electrolyte ionic conductivity, SOFCs typically operate
in a temperature range of 500 °C – 1000 °C, which leads to high degradation rates and
slow startup times4. One crucial limitation hindering the reduction of operating temperature
is the low ionic conductivity of the electrolyte at lower temperatures. Yttria-stabilized
zirconia (YSZ) is the most popular electrolyte ceramic owing to its pure oxygen ion
conduction over very broad temperature and oxygen partial pressure ranges5 as well as
the low cost of manufacturing the material. A maximum conductivity value of 10-1S/cm is
observed for bulk YSZ at a temperature as high as 1000°C6-8. In recent years significant
effort has focused on reducing the operating temperature of SOFCs through either the use
of ultra-thin electrolyte structures9,

10

or utilizing alternative oxide ion conductors with

higher conductivity11-13.
Closing the gap between theoretical kinetic models and in situ experimentation
requires approaches capable of resolving physical and fundamental properties with high
precision (nm) under dynamic operating conditions. Since a sophisticated HT-SSPM
system stably performing surface potential measurement at SOFC operation temperature
has been built,47 here I demonstrate a direct probing of local surface potential gradients
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related to the ionic conductivity of yttria-stabilized zirconia (YSZ) within symmetric SOFCs
under intermediate operating temperatures (500 °C – 600 °C) via the miniature
environmental chamber and scanning surface potential microscopy (SSPM) technique.9

3.2 Scanning surface potential microscopy (SSPM) and miniature environmental
chamber

Scanning surface potential microscopy (SSPM), also known as scanning kelvin probe
microscopy (SKPM) or kelvin probe force microscopy (KPFM), is a derived technology of
non-contact AFM. SSPM is used to extract local contact potential difference (CPD)
between a conductive tip and the sample surface which could be any materials including
metal, semiconductor and even organic and biological surfaces.55 The collected CPD
information is a convoluted value of surface work function, electrostatic potential,
excessive surface charges and surface dipoles.
The principle of SSPM is by applying an AC plus a DC voltage to the conductive AFM
tip to generate an oscillating electrostatic force between the tip and sample surface. This
electrostatic force (Fes) is given by:
B

𝐹<= (𝑧) = − C ∆V C

EF(G)
EG

,

( 3.1 )

where z is the direction normal to the sample surface, and ΔV is the voltage difference
between the tip and sample surface, which will be:
∆V = 𝑉IJK − 𝑉FLM = (𝑉MF − 𝑉FLM ) + 𝑉OF sin(𝜔𝑡),

( 3.2 )

Substituting Eq. ( 3.2 ) into ( 3.1 ) and divided the expanded formula into three parts:
𝐹UF = −
𝐹Y = −

VF(G) B
VG

VF(G)
VG

WC (𝑉MF − 𝑉FLM )C X,

(𝑉MF − 𝑉FLM )𝑉OF sin(𝜔𝑡),
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( 3.3 )
( 3.4 )

𝐹CY = −

VF(G) B
VG

𝑉 C [cos(2𝜔𝑡)
Z OF

− 1],

( 3.5 )

The F^ term (Eq. (3.4)) is used to determine the VCPD. A lock-in amplifier is
implemented to extract the F^ . The feedback loop controls the DC bias applied to the
conductive tip to finally nullify the F^ signal, i.e. VDC = VCPD. As a result, the contact
potential at each point on the sample surface could be obtained using this method, which
creates a map of surface potential. A detailed schematic of the SSPM technique is
demonstrated in Fig. 3.1.

Figure 3.1. Schematic demonstrating the operation mechanism of SSPM. Adapted from ref[55].

Most of the research implemented SSPM is operated at room temperature. However,
at room temperature, the YSZ electrolyte is not able to conduct oxygen ion due to the high
activation energy. Besides, the oxygen redox reaction also requires temperature above
500 ℃ to activate. Prof. Nonnenmann previously developed a heating device called
“miniature environmental chamber”.47 As shown in Fig. 3.2(a). In the device, sample is
clamped between two Macor pieces. A 0.5” diameter ceramic button heater (Heatwave
19

Labs Inc. 101275-28, Watsonville, CA) is implemented to heat the sample up from the
side through a copper piece in-between the heater and sample. Two welded electrical
feed-through assisted to apply bias across the sample for different purposes, e.g., driving
the electrochemistry reaction. In the measurement, all the components were sealed in the
chamber with a small hole on the top lid to let the tip get access to the sample surface
(Fig. 3.2(b)).

(a)

(b)

Figure 3.2. (a) Top view of the miniature environmental chamber showing the configuration of the
heater, sample and electrical feedthroughs contained in the stainless-steel chamber. (b) 3D
illustration demonstrates the measurement configuration.

Apparently, the sample temperature is not the same as the heater temperature while
they are directly correlated, a proper calibration is required. By introducing a second
external thermocouple in direct contact with the sample edge, the relationship between
the temperature of the heater and the sample has been obtained.

3.3 Experiments and data analysis

3.3.1 Model sample and measurement methods

Lanthanum strontium ferrite (LSF) | YSZ | LSF symmetrical cells prepared by an
infiltration method was utilized in this research56. Briefly, green tapes prepared by mixing
20

8 mol% YSZ powder (TZ-8Y, Tosoh Corp., Japan), distilled water and binders were cut
into discs (d = 1.2 cm), hot-pressed into a laminate, then sintered at 1773 K. Fabricating
the porous YSZ electrode matrix required the inclusion of a synthetic graphite pore former
and a subsequent sintering step, resulting in a porous structure. The infiltration process to
complete the LSF-YSZ composite electrode made use of an aqueous solution containing
La, Sr, and Fe nitrate salts in a 0.8:0.2:1 molar ratio, respectively. The composite
electrodes possessed a porosity of approximately 40 vol%, determined via the
Archimedes method. Fig. 3.3(a) shows the porous-dense-porous structure of the LSFYSZ-LSF cell, with a porous electrode thickness of 50 µm and an electrolyte thickness of
80 µm, respectively. Each electrode received a conductive silver paste coating (SPI, 0503AB) which was used for external current collection. Cross-sectional samples for in situ
AFM analysis were prepared by first cutting with a diamond saw (Buehler IsoMet Low
Speed Saw), mounting onto a cross-sectional polishing mount using wax (EMS,
Crystalbond 509) and then mechanically polishing flat (Allied, TechPrep 8).
The previous introduced HT-SSPM system was utilized to perform variable
temperature measurement. Here, a conductive tip (Rocky Mountain Nanotech 25Pt400B,
f ≈ 12 kHz) collected topographic images in non-contact mode on its first pass. A
subsequent pass was then performed under an AC bias (3 VAC) using a lock-in amplifier
to detect longer range electrostatic forces between the tip and sample. A feedback loop
then applied a dc bias to compensate the contact potential difference between the tip and
sample surface which governs the electrostatic force, creating an image of the surface
potential of the sample.
To achieve the intermediate temperature range benchmark between 500 °C and
600 °C necessary to induce the ionic conductivity of YSZ, the heating element was
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calibrated using two thermocouples: one internal chamber thermocouple integrated within
the button heater provided feedback to the proportional-integral-derivative (PID)
temperature controller (Heatwave Labs Inc. 101303-21, Watsonville, CA); another
external thermocouple placed in direct contact with the edge of the sample recorded the
sample temperature. Calibrated applied thermal loads47 provided sample heating to
500 °C, 550 °C and 600 °C. At temperature, a D1V bias was applied across the crosssection sample against a grounded electrode by a function generator (HP33120A) to
induce electrochemical transduction, where a multimeter (Keithley 6517A) connected in
series measured the current across the sample. The normal scanning duration was 15
minutes and currents were recorded every minute for the duration and averaged. A
schematic illustration of the measurement configuration and the half-reactions takes place
during measurement are shown in Fig. 3.3(b).

Figure 3.3. (a) A cross-sectional view scanning electron microscopy image of a fabricated LSFYSZ symmetrical SOFC, shown here with a dense, 80 μm thick YSZ electrolyte layer sandwiched
between two, 50 μm LSF-YSZ porous composite electrodes. (b) (top) A schematic illustration of
symmetric SOFC operation, shown with half-reactions; (bottom) the electric potential distribution
profile across the SOFC cross-section, under bias. Adapted from ref[9].

Electrochemical impedance spectroscopy (EIS) measured the impedance arcs to
validate the macroscopic electrolyte performance of the symmetric cell. Prior to testing,
22

the electrodes were painted with Ag current collectors and then had Ag lead wires
attached. The electrode active area was 0.35 cm2. A furnace maintained a sample
temperature of 600 °C during all data collection. Impedance spectra were recorded with a
Gamry Instruments potentiostat in the frequency range of 240 kHz to 0.05 Hz.

3.3.2 Measurement of electrostatic potential evolution along the charge transport
direction in operating SOFC system

The theoretical internal electric potential profile across a typical SOFC is illustrated in
Fig. 3.3(b)57. The linear decrease within electrolyte potential demonstrates that the
resistance displays ohmic behavior. The conductivity can therefore be calculated via the
following equation:
`

σ = a,

( 3.6 )

where J is current density; E is the internal electric field and equals the slope of the
potential decrease.
The local potential loss gradients were collected by SSPM imaging within the
miniature environmental chamber under operating conditions. The topography image of
the dense YSZ electrolyte (Fig. 3.4(a, d, g)) and the corresponding surface potential
images (Fig. 3.4(b, e, h)) were collected with the cell exposed to air at 500, 550 and 600 °C.
The line profiles along the charge transfer direction (Fig. 3.4(c, f, i)) were extracted from
the surface potential images. By performing a linear fit to the profiles, the internal electric
fields, E, were revealed. The coefficients of determination, R2, of the linear fit of the profiles
are 0.97, 0.98 and 0.98, respectively, thus demonstrating strong ohmic character within
the ionic electrolyte.
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Figure 3.4. (a, d, g) Topography images of dense YSZ and corresponding (b, e, h) surface potential
images collected under 500 °C, 550 °C, 600 °C; D1V bias applied. (c, f, i) Black lines are surface
potential profiles average over 20 lines between the red dotted lines in (b, e, h); the red lines are
linear fitting results. (j-l) Topography and surface potential images as well as the surface potential
profiles of the dense YSZ measured under 550 °C; D0V bias applied. Adapted from ref[9].

To further validate that the potential gradient results from anionic oxygen diffusion,
we measured the surface potential of the YSZ electrolyte without an applied bias under
550 °C (Fig. 3.4(j-l)). Here small local potential variations are observed in Fig. 3.4(k), with
overall potential values in the range of -40 mV ± 20 mV. The relatively flat potential profile
(Fig. 3.4(l)) across the electrolyte further confirms that there is no anionic oxygen diffusion
across the electrolyte.
Macroscopic current measurements were conducted under different operating
temperatures and the current density was calculated by dividing the current value by the
geometric surface area of the sample electrode. The current density vs. sample
temperature is plotted in Fig. 3.5(a). Because YSZ is a pure ionic conductor, the current
density value observed here (J ≥ 10.6 mA/cm2) results from anionic oxygen diffusion
24

across the electrolyte, which indicates that electrochemical half-cell reactions are
occurring at both electrodes as well. Values of E, J and calculated conductivity σ are
summarized in Table 3.1. The standard deviation of E, J and σ demonstrated in the table
are 2 orders of magnitude lower than the mean value.

Figure 3.5．(a) Current density vs. sample temperature. (b) Arrhenius Plot of YSZ conductivity vs.
temperatures. □ is the data collected by our group ; ◯58, ☆59 , △60 are data from literature;
Activation energies Ea based on the slope of the plots are listed in the image. Adapted from ref[9].
Table 3.1. Values of E, J and σ under various temperatures. Adapted from ref[9].

Temperature(°C)

E(V/cm)

J(mA/cm2)

σ(S/cm)

500

66.0 ± 0.8

10.6 ± 0.1

1.6 × 10-4 ± 2.0 × 10-6

550

68.8 ± 0.6

27.4 ± 0.4

4.0 × 10-4 ± 6.3 × 10-6

600

63.8 ± 0.5

59.9 ± 0.6

9.4 × 10-4 ± 8.8 × 10-6

3.3.3 Activation energy of anionic oxygen transportation in YSZ electrolyte

The temperature dependence of electrolyte conductivity can be expressed in the form
of a modified Arrhenius’ equation61:
O

6a

σ = b exp ( gbf ),
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( 3.7 )

where σ is the ionic conductivity, T is the absolute temperature, A is pre-exponential
constant and Ea is the activation energy. Therefore, the linear relationship between log σT
and 1/T yields a slope proportional to the activation energy. Fig. 3.5(b) shows the plots of
log σT vs. 1/T, as calculated from the collected SSPM measurements. Due to the low
standard deviation of calculated conductivity, the error of activation energy obtained from
the slope is trivial.
The activation energy Ea values observed are in accordance with other reported data
as shown in Fig. 3.5(b)58–60. The slight variation of activation energy is due to the difference
in Yttria doping concentration. The activation energy of YSZ increases at higher Y2O3
doping concentrations in ZrO2 owing to the higher-energy barrier for oxygen vacancy
diffusion across an Y–Y common edge relative to diffusion across one with a Zr–Y
common edge of two adjacent tetrahedra.62 The YSZ composition (8 mol% yttria) used in
this study is identical to that used in the work of T.H. Yeh et al.59, here denoted in pink (☆).
Consequently, the calculated activation energies based on these two plots are 1.04 eV
and 1.06 eV, respectively, displaying strong agreement. The YSZ ceramic in the review
paper by J.B Goodenough58 (◯) is Zr0.91Y0.09O1.955, which corresponds to 4.7 mol% yttria.
The lower activation energy, 0.96 eV, trends with the lower dopant concentration. Data
presented by M. Han et al.60 (△) did not specify the dopant mole percentage; based on
the large activation energy (1.12 eV), however, an Y2O3 percentage higher than 8 mol%
is expected.
The local conductivity values obtained via SPM here are within an order of magnitude
of those previously reported bulk values. To further validate SOFC operation within the
symmetrical cells, EIS was performed to collect the bulk conductivity of the YSZ electrolyte.
Fig. 3.6(a) illustrates a typical EIS response (Nyquist plot) from an idealized/typical SOFC;
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the inset below shows the equivalent circuit modeling. The sizes of the two arcs are
attributed to the magnitude of the anode and cathode activation losses, and the three xaxis intercepts defined by the arcs indicate three impedance regions, Relectrolyte, Rcathode and
Ranode. The focus in this study remains on the Relectrolyte, which represents the impedance
loss from fuel cell electrolyte. The Nyquist plot collected at 600°C for the symmetrical cell
with LSF-YSZ electrodes is shown in Fig. 3.6(b). Because the electrodes on either side of
the cell share the same structure and materials, the capacitors Cc and Ca (illustrated in the
equivalent circuit modeling, bottom Fig. 3.6(a)) possess similar time constants τ. As a
result, no clear separation between the two impedance arcs is observed here. The
electrolyte contribution to the total area specific resistance (ASR), based on the plot, is 1.4
Ω-cm2. Considering the thickness of the YSZ electrolyte here is 80μm, the resistivity
calculated equals approximately 180 Ω-cm. Consequently, the conductivity obtained is 5.6
× 10-3 S/cm, which is within an order of magnitude of the SPM measured conductivity
under 600 °C (0.94 × 10-3 S/cm).
The slightly lower ionic conductivity value obtained by SSPM is likely attributed to
small, internal temperature gradients within the sample. Due to the cross-sectional sample
geometry used during SSPM imaging, sample heating occurred on a single side, inevitably
creating an internal temperature gradient. As a result, the side of the sample directly
contacting the heater reached desired temperature, while the local surface measured
possesses temperatures lower than the set point, thus causing the apparent vertical shift
from other reported findings in which samples were heated uniformly by a furnace.
Improving temperature uniformity throughout the whole sample warrants further study,
likely in the form of a redesign for the miniature chamber which includes dual side heating
to help minimize the internal temperature gradient and provide more precise SPM results.
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Figure 3.6. (a) (top) Example Nyquist plot of a typical (red) and idealized SOFC (green). (bottom)
Equivalent circuit modeling for a SOFC. (b) Nyquist plot of a (LSF)/YSZ/LSF symmetric cell
collected at 600°C. Adapted from ref[9]

3.4 Summary and conclusion

Through use of the customized miniature environmental chamber, I demonstrated in
situ characterization of the potential gradient along the YSZ electrolyte surface under
realistic, intermediate SOFC operating temperatures as high as 600 °C. The calculated
conductivity and activation energy values for YSZ are consistent with previously reported
values as measured by bulk techniques, which validates the performance of this technique
within the operational regime. Combined with the high resolution inherent to SPM, these
in situ studies open numerous opportunities to explore electrochemical and phase
transition phenomena of various energy-based oxide materials systems, at the nanoscale.
Moreover, this research validated the stability of our miniature environmental
chamber system to operate on the commercial AFM system under various temperatures
(500 – 600 ℃). The miniature environmental chamber has proved its ability to perform
SSPM measurement at various temperatures. Here the potential profile in YSZ collected
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manifested little spatial resolution due to the lack of conductivity perturbation in the YSZ
electrolyte. In the chapters later, research will be extended from electrolyte to the
electrode/electrolyte interface of SOC where located the triple-phase boundary, which is
the place most of the electrochemical reaction will take place in, and more interesting
phenomenon and important knowledge of greenhouse gas reduction mechanism will be
extracted.
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CHAPTER 4
QUANTITATIVELY PROBING OXYGEN VACANCIES DISTRIBUTION IN COMPLEX
OXIDES HETEROSTRUCTURES

4.1 Background

Complex oxide heterostructures generate tremendous research interest due to the
unique electrical63,64, ferroelectric65,66, multiferroic67, magnetic68, and electrochemical
phenomena46,69 they exhibit. These breakthroughs resulted from advancements in the
deposition and fabrication of oxide heterostructured films with atomic-level precision65,70.
Many functional complex oxide heterostructures partially comprise strontium titanate
(SrTiO3; STO) layers, the archetype perovskite system possessing a well-studied defect
chemistry and multifunctional character.71 Two-dimensional electron gas (2DEG)
formation at the LaAlO3/SrTiO3 interface63 and colossal ionic conductivity at the YSZ/STO
heterointerface72 represent two examples of STO-based oxide pairs that exhibit unusual,
yet tailorable materials properties using the highly sensitive interrelationship between
structure (strain) and charge. While the origin of interfacial phenomena such as the
formation of 2DEG or enhanced electrochemical activity have been attributed to electronic
reconstruction63,73 cation interdiffusion74,75 or interfacial strain72,

other proposed

mechanisms attribute the observed behavior to unique oxygen vacancy distributions in the
substrate STO near heterointerfaces.76–82
In this study, local surface potential variations orthogonal to the interfaces of STO |
YSZ multilayer oxide cross-sectional films are measured using high temperature SSPM
which has been demonstrated to probe the local surface potential and activation energy
in electroactive materials in Chapter 3. Surface potential variations across the interfacial
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regions as a function of temperature and electrical bias shown here validate the existence
of unique oxygen vacancy distributions that manifest as large, micron-level depletion
regions as induced under commonly applied PLD deposition environmental conditions,
with implications for substrate selection.

4.2 Oxygen vacancies at interface of complex oxides heterostructures

4.2.1 Defect chemistry of strontium titanate (SrTiO3) and impact of oxygen
vacancies to the electrical properties of complex oxides heterostructures

In SrTiO3, oxygen atoms in regular lattice sites may leave the lattice, leaving behind
oxygen vacancies, depending on the thermodynamic condition.71 An oxygen vacancy is
an intrinsic donor dopant in many transition metal oxides similar to STO, where the
formation of the oxygen vacancy will either be introduced by acceptor doping
(inadvertently or on purpose) or via the reduction reaction:
••
j
O×
" → V" + 2e +

B
C

OC ,

( 4.1 )

where two free electrons are donated to the conduction band by creation of one oxygen
vacancy.
Pulsed laser deposition (PLD) has been shown to heavily reduce the underlying oxide
substrate during thin film fabrication, thus increasing the local oxygen vacancy
concentration extending from the film-substrate interface.81–84 Though the mechanism is
still obscure, an emerging body of work attributes this highly reduced state to metal oxide
films scavenging oxygen from underlying substrate and films even under non-reducing
deposition atmosphere.77,80,82,85,86 A recent study also found that UV radiation of the
plasma plume formed during PLD deposition should also be responsible for the
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enhancement of oxygen vacancy incorporation rate due to the creation of the excessive
electron-hole pairs by the UV radiation.87
Change of the stoichiometry in the substrate by PLD will strongly modify the
underlying substrate’s properties, especially the electrical conductivity at the interface of
the substrate and deposited film. A colossal ionic conductivity was discovered at the
interface of epitaxial Yttria-stabilized Zirconia and SrTiO3, which demonstrates an 8 orders
of magnitude higher ionic conductivity near room temperature.72 It was inspiring when the
results just came out but it soon get fiercely challenged due to neglecting of the possible
electronic contribution from the underlying substrate,75,88–91 which could be induced by
PLD reduction of the substrate. Another import discovery which is going to significantly
impact the field of the all-oxide electronics is the existence of 2-dimensional electron gas
(2DEG) at the interface of LAO and STO.

4.2.2 Existing state-of-art characterization techniques.

Studies using Hall-effect measurements84, Shubnikov-de Haas (SdH) oscillations78
and cathode luminescence79 yield evidence of the interfacial oxygen vacancy doping
within the underlying STO substrate as shown in Fig. 4.1(a), (b), but do not spatially
resolve quantitative oxygen vacancy distributions across the thickness direction of the
heterostructured oxide interface.
While aberration-corrected scanning transmission electron microscopy (STEM)92 and
electron energy loss spectroscopy (EELS)93 were both used to quantitatively resolve the
oxygen vacancy concentration in perovskite (ABO3) oxides with sub-nanometer resolution
(Fig. 4.1(c), (d)), probing vacancy dynamics extending from the interface remains out of
range.
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Figure 4.1. Various existing techniques capable of probing charge carrier density or oxygen
vacancy concentration in oxide materials (a) Hall measurement; Adapted from ref[94]. (b) Cathode
and photolumniscence; Adapted from ref[79]. (c) Scanning transmission electron microscopy
(STEM); Adapted from ref[92]. (d) Electron energy loss spectroscopy (EELS); Adapted from ref[93].
(e) Conductive AFM. Adapted from ref[76].

Conductive AFM was previously employed to map the charge carrier density within
LAO/STO cross-sections with nanometer resolution (Fig. 4.1(e)),76 but requires a
cumbersome comparison between a uniformly doped Nb:STO reference sample and the
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heterostructure

interfacial

region

possessing

highly

inhomogeneous

vacancy

concentrations, which would be cautious if the current paths on the reference sample and
target sample are ambiguously defined. Moreover, determining whether transport
depends on oxygen vacancies, rather than other intrinsic defects such as strontium
vacancies requires employing variable temperature studies.

4.3 Correlation between SSPM results and local work function

The acquired CPD value is defined as the work function difference between the tip
and sample surface, described as:
𝑉FLM =

klmn 6kofpnqr
s

,

( 4.2 )

where 𝜙IJK and 𝜙=uvKw< are the work function of the tip and sample, q is the elementary
electron charge. This equation is valid only when there is no external bias applied to the
sample and surface charge / dipole on the sample surface is neglected. When the tip
brought close to the sample surface, an electrostatic force is generated between them due
to their difference of the Fermi level. Fig. 4.2 shows the band diagram alignment of the tip
and the sample surface. Fig. 4.2(a) depicts the energy levels of the tip and the sample
when they are separated far away from each other. Under this scenario, their vacuum
level will stay the same while a misalignment of their Fermi level exists. When the tip and
sample are brought close to each other (to a few nm) and electrically connected (Fig.
4.2(b)), their Fermi level will line-up to reach equilibrium state. Both the tip and sample
surface will be charged and created VCPD which will induce electrostatic force. By adjusting
the applied VDC through feedback loop controller, this force will be nullified when VDC =
VCPD ((Fig. 4.2(c)). As a result, the applied VDC is at the magnitude as CPD with opposite
sign, and it represents the work function difference between the tip and sample surface.
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With the tip work function known (through calibration on the surface with known work
function), the sample local work function could be inferred, which will be the key to
calculate the local charge carrier density.

Figure 4.2. Depicts of band diagram alignment between tip and sample surface: (a) the tip and
sample are far away from each other (mutual interaction neglected); (b) the tip and sample get
close to each other and electrically connected to external circuit; (c) external DC bias applied and
adjusted to nullify the CPD value so that the vacuum levels of the tip and sample re-aligned.

Work function is defined as the minimum thermodynamic work needed to remove an
electron from a solid to a point in the vacuum immediately outside the solid surface. Its
value is directly determined by p- or n-type dopant concentration in the materials. Previous
SSPM or Kelvin probe force microscopy (KPFM) studies successfully analyzed collected
potential profiles to yield distributions of dopant concentrations within semiconductors and
metal oxides, including non-uniform doping distributions along silicon nanowires,95
quantified two-dimensional doping profiles within ZnO thin films,96 and quantitative
determination of band alignment across depth of solar cell multilayers.97 Here the oxygen
vacancy concentration within STO is estimated in a similar manner by assuming oxygen
vacancies exist as a n-type dopant and contribute two free carriers to the conduction band
per vacancy.
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4.4 Experiments and data analysis

4.4.1 Fabrication of the complex oxides multilayer heterostructure sample

Here I designed a robust test structure of the multilayer STO | YSZ films epitaxially
grown on Nb:STO substrate, enabling in situ visualization of vacancy distributions under
both applied thermal and electrical stimuli. STO represents a model perovskite system
with well-studied defect chemistry and vacancy transport mechanism,98 while YSZ is a
commonly used ionic conducting solid electrolyte with known oxygen scavenging
behavior.77 I would like to appreciate Dr. Jungwoo Lee and Dr. Hyungwoo Lee preparing
the multilayer heterostructure samples for my research. STO½YSZ multilayers were grown
on (001) oriented 0.05 wt% Nb-doped STO (Nb:STO) single crystal substrates by pulsed
laser deposition (PLD). Before deposition, the Nb:STO substrates were etched by a
buffered HF solution for 60 s and subsequently annealed at 1,000 °C in oxygen
atmosphere for 6 h to achieve TiO2-terminated and atomically smooth surface. The YSZ
and STO layers were grown at 750 °C in the oxygen partial pressure of 1 mTorr and 10
mTorr for YSZ and STO, respectively. 8 mol% YSZ target was used for the YSZ film. Each
layer was grown in sequence without breaking vacuum, and the thickness of each layer
was fixed at 500 nm by deposition of STO and YSZ layers for 68 min and 86 min,
respectively. The time to change a target and prepare for deposition of the next layer was
~20 min. After the deposition, the chamber was backfilled with ~600 Torr of oxygen, and
the oxygen pressure was kept during a cool down. To effectively minimize any potential
effects of lateral diffusion as well as obtain a smooth cross-section, the sample was first
cut in half lengthwise then cut again and mechanically polished to create a quartered
section of the original deposited structure. The sample size was ~2 mm x 2 mm (polished
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area) x 1 mm (thickness). Thereafter, Pt | Al (100 nm | 25 nm) and Pt (25 nm) were
deposited by RF magnetron sputtering on the bottom of Nb:STO substrates and the top
of YSZ films, respectively.
The crystal structure of the sample was analyzed by a high-resolution four-circle Xray diffraction (XRD) machine with a Cu Ka (l=1.5406 Å) source (Bruker D8 advance).
STEM HAADF experiments were carried out on a FEI Titan 60-300 microscope equipped
with double aberration correctors and its resolution in STEM mode is ~0.6 Å. The
accelerating voltage, convergence angle of the incident electrons, and the collection angle
for HAADF imaging are 300 kV, 25 mrad and 79-200 mrad, respectively.

4.4.2 Probing of surface potential at various temperatures

Fig. 4.3(a) shows an illustration of the high-temperature in situ potential scanning
system for a 500 nm STO | 500 nm YSZ | 500 nm STO | 500 nm YSZ multilayer film grown
on (001)-oriented 0.05 wt% Nb:STO single crystal substrate. Here a 100 nm aluminum
film with 25 nm platinum cap forms an Ohmic contact with the Nb:STO and a 25 nm
platinum film serves as the top electrode. The low magnification high angle annular dark
field (HAADF) STEM image in Fig. 4.3(b) shows the deposited STO | YSZ multilayer film.
From the high magnification HAADF images and selected area electron diffraction
patterns of each layer as shown in Fig. 4.3(c) and (d), the 1st STO layer appears epitaxially
grown on the Nb:STO substrate, while the 1st YSZ layer, 2nd STO and 2nd YSZ layers all
exhibit a columnar polycrystalline microstructure. Additional structural analysis by an Xray diffraction is shown in Fig. 4.4.
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Figure 4.3. The schematic of the measurement system and the structure of the multilayer oxide
films. (a) A schematic of the high-temperature in situ potential scanning geometry. (b) Low
magnification high angle annular dark field (HAADF) image of the multilayer sample. (c), (d) High
magnification HAADF images of interfaces between Nb:STO and 1st STO, 1st STO and 1st YSZ,
respectively. The insets show selected area electron diffraction patterns of each layer. The yellow
circles indicated by the arrow in fig. 1d represent the polycrystallinity of the 1st YSZ layer. The
images of Fig. 4.3c and d were collected from red and blue parts of Fig. 4.3b, respectively.

To effectively minimize any potential effects of lateral diffusion (Fig. 4.3(a); y-axis) to
the measurement results, the sample was first cut in half lengthwise then cut again and
polished to create a quartered section of the original deposited structure, which enabled
access to the center portion of the deposited film. Fig. 4.5(a) shows the cross-sectional
topographic and surface potential of the multilayer region collected in situ, at a sample
temperature of 500 °C, respectively. Here the stark contrast shift on the right-most portion
of the topographic images indicates the location of the multilayer films’ edge. The potential
profile (Fig. 4.5(b)) extracted from surface potential image exhibits a rather unusual
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perturbation near the Nb:STO | STO interface and extends approximately 7 μm at 0 V bias.
As the oxidation-induced space-charge region typically spans tens of nanometers within
Nb:STO,99 I contend this drop must be induced by a different mechanism(s) that occurs
over a microns-level length scale.

Figure 4.4. The q-2q XRD pattern of a STO | YSZ | STO | YSZ multilayer films on Nb:STO(001)
substrate.

Nb:STO possesses two types of dopants: i) intrinsic dopants, such as oxygen
vacancies as donors and strontium vacancies as acceptors and ii) extrinsic dopants in the
form of niobium donors71. Considering the measurement temperature and applied bias,
both Nb cations and Sr vacancies within STO are considered immobile in this study.100,101
I therefore attribute the surface potential variations occurring along the Nb:STO | STO
interface to the diffusion and evolution of oxygen vacancy dopant concentrations.
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Figure 4.5. A comparison of in situ surface potential on STO | YSZ multilayer oxide films and
thermally treated Nb:STO(001) substrate under room and elevated (500 °C) temperatures. (a)
Topographic (top), and surface potential (bottom) images, and (b) extracted potential profile results
collected with biases of 0 V at 500 °C. A large potential variation occurs across the Nb:STO
substrate and continues throughout the multilayer film. (c,d) Potential profiles collected of STO/YSZ
multilayer oxide films with biases ranging from 0 V to 3 V at room temperature (c) and at 500 °C (d)
suggest electronic-dominant and ionic-dominant transport, respectively. (e,f) Potential profiles
collected on thermally treated Nb:STO(001) substrate with biases ranging from 0 V to 3 V at room
temperature (e) and at 500 °C (f) remain consistently flat across the sample.

Potential profiles were collected under various biases, at both elevated and room
•
jj
temperature, in order to decouple possible Nbyz
and V{|
contributions to the surface

potential perturbations observed in the Nb:STO | STO interfacial region. The potential
profiles measured at room temperature (Fig. 4.5(c)) exhibit a potential drop that occurs
predominantly within the STO | YSZ multilayer region while the potential of the Nb:STO
substrate remains relatively constant. As the applied bias increased the potential drop
remained constrained to the 2 μm insulating multilayer region. SSPM measurements
performed at 500 °C in situ required waiting for 5 minutes until the steady-state current
value achieved after changing the bias. From Fig. 4.5(d), the potential drop starts from the
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region in Nb:STO substrate close to the STO film and extends further into the Nb:STO
substrate as the applied bias increases. If these observed perturbations originated from
variations in electronic conductivity the trend would be observed at both room and
jj
elevated temperature. Since Nb•yz and V{|
are immobile at 500 °C, any potential
•
jj
perturbations induced by depletion of Nbyz
or accumulation of V{|
would remain constant

under increased bias, which is not observed. Thus I excluded any possible contributions
•
jj
from Nbyz
and V{|
to this pronounced depletion-like region extending from the Nb:STO |

STO interface.
The variations in the observed profiles are therefore due to the nature of the dominant
charge carrier at these two temperatures. At room temperature, oxygen incorporation into
the outer YSZ film does not occur, and thus ionic currents under biases are negligible.102
Electronic current, though also low, becomes the dominant carrier transport mechanism
across the multilayer films at room temperature. In this case intrinsic STO and YSZ films
are orders of magnitude less electronically conductive than Nb:STO, constraining the
potential drop to the multilayer region. At 500 °C, YSZ becomes an oxygen ion conductor
with negligible electronic conductivity and hence serves a role as an electron blocker in
this electrochemical assembly. The Nb:STO substrate and STO films in this sample both
possess a relatively large oxygen vacancy concentration, as shown later, and thus are
endowed with appreciable ionic conductivity.103 As a result, the ionic current becomes
dominant at elevated temperatures and the potential variation under bias indicates ionic
transport variation across the substrate and films. While in the bulk Nb:STO substrate (Z
< 6 µm in Fig. 4.5(d)) the oxygen vacancy concentration is almost constant, the interfacial
region adjacent to the multilayer films displays a depletion of oxygen vacancy
concentration that significantly reduces its ionic conductivity and results in a surprisingly
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large potential drop in this region under bias. The trend of the potential drop extending
deeper into the Nb:STO substrate with increasing bias is a steady-state response of the
material according to the constant current measured during SSPM scanning. Once
external bias was removed, the CPD profile returned to its initial state after 5-10 minutes
relaxation until the current reached steady-state.
To further validate the assumption of oxygen vacancy dominated potential
perturbations, (001) oriented 0.05 wt% Nb:STO control sample without the multilayer film
was prepared under the identical (both temperature and gas atmosphere) thermal budget
used during the PLD process to fabricate the STO | YSZ multilayer oxide films. Fig. 4.5(e),
(f) present the SSPM results of the control sample collected at room temperature and
500 °C, respectively. Unlike the STO | YSZ multilayer oxide films, the potential profiles of
the control sample collected at 500 °C remain relatively flat and do not possess an
appreciable potential drop. Without the YSZ films present to serve as an electron blocker
the electronic conductivity again becomes the dominant mechanism at both room
temperature and 500 °C under bias. As a result, the potential profiles of the thermallytreated Nb:STO substrate display a consistent, flat trend at different measurement
temperatures. Here the only difference between the 500 °C and room temperature profiles
is the contrasting absolute potential values at various biases. The presence of a surface
water meniscus during room temperature measurements likely causes the measured
potential variation, as previously reported of other oxide surfaces.104

4.4.3 Interpretation of CPD to oxygen vacancy concentration

SSPM provides the contact potential difference between the tip and sample surface,
as described in Eq. (4.2). Since the absolute tip work function is unknown, I used the 0.05
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wt% Nb-doped STO substrate as the reference point. Assuming Nb is the dominant dopant
within the as-received 0.05 wt% Nb-doped STO (Nb:STO), its charge carrier density as
well as work function ϕref could be estimated. Therefore, by comparing the VCPD measured
by SSPM between the multilayered films sample and the reference, the sample work
function at measured point is defined as:
~<•
=uvKw<
𝜙=uvKw< = 𝑞(𝑉FLM
− 𝑉FLM
) + 𝜙~<• ,

( 4.3 )

Based on the definition of work function, ϕsample could also be expressed as:
𝜙=uvKw< = 𝜒 + (𝐸F − 𝐸‚ ),

( 4.4 )

where c is the electron affinity of the oxide while EC and EF are energy level of conduction
band and Fermi-level respectively. By utilizing the value of (EC – EF) derived from ϕsample,
an estimate of the sample charge carrier density n becomes:
𝑛 = 𝑁F 𝐹B⁄C (𝜂),

( 4.5 )

while:
C‡v ∗ g‰ b *⁄C
)
Š5

𝑁F = 2(
𝜂=

a‹ 6aŒ
g‰ b

,

( 4.6 )
,
( 4.7 )

where NC is the effective density of states, F1/2 is the Fermi-Dirac integral. NC is obtained
by substituting the effective mass of Nb:STO (7.3-7.7m0)105 and the scan temperature
(500 °C) into the Eq. (4.6). The numerical value of Fermi-Dirac integral is obtained through
open-source MATLAB code, taking the form:106
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( 4.9 )

Estimating (EC – EF) values at each position along the Z direction involves extracting
the potential profile along the Z direction, as averaged over 20 lines assuming that the
surface potential is consistent along the direction parallel to the interface, i.e. the Y
direction, and placing the values into Eq. (4.3) - (4.5). Here we use 𝜒›b4 = 3.9 eV107. The
calculated reference sample work function based on Eq. (4.5) – (4.9) is ϕref ≈ 4.23 eV
which is consistent with the reported value.108 At 500 °C all of the dopants are assumed
to be ionized, i.e. 𝑛 = [𝑁𝑏•bJ ] + 2[𝑉4•• ], meaning that estimating the oxygen vacancy dopant
concentration at each position can be deduced by knowing the [𝑁𝑏•bJ ] values as calculated
by the substrate doping amount (0.05% wt Nb in STO), as the expression below:
B
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( 4.10 )

Therefore, I utilized Eq. (4.10) to calculate the oxygen vacancy dopant concentration
by substituting the local VCPD values observed across the multilayer films via SSPM. A
schematic band diagram correspondent to the ~7 μm potential perturbation at Nb:STO |
STO interface is demonstrated in Fig. 4.6(a). A similar approach was recently employed
to probe the oxygen vacancy dynamics in STO,109 however the interpretation of the results
incorrectly reversed the relationship between work function and relative oxygen vacancy
concentration. In that study, areas exhibiting a higher work function were considered to be
[V"•• ]-rich. However, as a n-type dopant, higher oxygen vacancy concentrations push the
Fermi level towards the conduction band, which necessitates a reduction in the relative
offset 𝐸F − 𝐸‚ and subsequently a lower work function. Besides, since that study was
conducted at room temperature, oxygen vacancies are more stable at neutral state or
singly positive charged state,71,110,111 which is going to limit the accuracy of the
44

measurement results since the oxygen vacancy concentration was determined based on
the work function variation which directly correlated to the charge carrier density
contributed by dopants. And oxygen vacancies are immobile at room temperature, which
makes them indistinguishable from extrinsic n-type dopants, e.g. Nb dopant. As a result,
to precisely determine the oxygen vacancy concentration as well as identify the true
charge carrier contributor to the work function variation, SSPM results must be collected
at elevated temperatures.

Figure 4.6. The oxygen vacancy concentration distribution across STO | YSZ multilayer oxide films.
(a) An illustrated schematic of the band diagram at the Nb:STO | STO interface. Here the contact
potential difference (CPD) measured by SSPM is used to determine the offset of the Fermi band
from the conduction band, as a function of position in the z-direction. (b) The surface potential
profile collected in situ at 500 °C (red) and resulting oxygen vacancy concentration distribution
across the STO | YSZ multilayer oxide films (black). The oxygen vacancy concentration decreased
from STO to YSZ near the interface and extends ~ 7 μm into the bulk Nb:STO substrate. The
calculated oxygen vacancy concentration in YSZ films indicate an abrupt increase compared to the
oxygen vacancy concentration in STO probed and derived from the surface potential (dotted blue
lines).

Figure 4.6(b) shows a plot of the surface potential and corresponding oxygen vacancy
concentration profile as a function of position. For the first time ever to the best of my
knowledge, local oxygen vacancy concentration with high resolution (< 100 nm) and large
imaging size (10 μm) has been created by this novel characterization technique. It is one
big step for solid state ionic area to understand the intrinsic electronic and ionic properties
of oxides materials with the knowledge of detailed defect distribution. While in this
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research, the oxygen vacancy concentration is extracted from STO only, this method using
in situ SSPM to probe the defect chemistry could be extended to many other oxides where
oxygen vacancy is an intrinsic n-type dopant, such as ZnO, TiO2 and CeO2. This specific
profile, collected orthogonal to the multilayered oxide film interface, clearly displays a
region heavily depleted of oxygen vacancies adjacent to the Nb:STO | STO interface. The
Nb:STO bulk region appears strongly reduced based on the surface potential conversion
([V"•• ] ≈ 3.1 x 1020 cm-3). The 0.05 wt% Nb:STO substrate-only prepared under the identical
thermal budget used to create the STO | YSZ multilayer oxide films exhibited a surface
potential profile nearly identical to that measured of the as-received Nb:STO substrate,
indicating only a negligible amount of V"•• was created by thermal treatment alone. The
[V"•• ] decreased from ~ 3.1 x 1020 cm-3 in the bulk to 6.3 x 1018 cm-3 at the Nb:STO | STO1 interface, lower than the dopant concentration of Nb (1.7 x 1019 cm-3). The [V"•• ] value
in the Nb:STO bulk derived from the SSPM profile strongly deviates from the expected
value at equilibrium with the measurement conditions (ambient; T = 500 °C).
In the multilayer region (Fig. 4.6(b)), the oxygen vacancy concentration gradient
becomes relatively flat in the first STO film (adjacent to the Nb:STO substrate), decreasing
from 1.4 x 1019 cm-3 to 1.2 x 1019 cm-3 across the film. In the second STO film (between
YSZ layers), the oxygen vacancy concentration also displays a small negative gradient
ranging from 1.0 x 1019 cm-3 to 8.9 x 1018 cm-3. Unlike STO, oxygen vacancies are not
considered a dopant within YSZ, yielding no direct way to correlate the oxygen vacancy
concentration to the charge carrier density in YSZ. Instead, a positively charged defect
compensates the negative charge induced by substituting Zr4+ with Y3+. Here we
calculated the oxygen vacancy concentration in the YSZ regions directly from the yttrium
dopant concentration (8 mol% Y2O3). Additional oxygen vacancies may be present in the
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YSZ layers, generated either by reduction and/or from redistribution from the STO layers;91
their amount will, however, be relatively low as compared with the amount due to the
yttrium dopant. The result is a significant difference (two orders of magnitude) in oxygen
vacancy concentration in YSZ compared to the STO films. The STO | YSZ interface
exhibited a slightly higher potential, which is likely attributed to the accumulation of oxygen
vacancies. The potential profile in the first YSZ layer followed a “V” shape, indicative of
excess oxygen vacancies diffusing from the STO layer to YSZ layer to reach
electrochemical potential equilibrium across the multilayer films.91 Assuming the valley of
the potential profile in YSZ is neutral, and by applying the parallel capacitor model, ∆𝑉 =
E

∆𝜎 , the calculated excess oxygen vacancy concentration is on the order of 109 cm-3,
¦

which is negligible compared to the large intrinsic oxygen vacancy concentration in the
YSZ layer. In the second YSZ layer the potential profile is nearly constant. Therefore it is
reasonable to assume a constant [𝑉4•• ] across both YSZ layers in regard of the existence
of limited amount of V"•• redistribution from STO to YSZ, as previous defect
thermodynamic studies proposed.91

4.4.4 PLD induced substrate reduction / reoxidation

The large amounts of oxygen vacancies and electrons in the Nb:STO substrate were
likely generated during the deposition by PLD of the multilayer heterostructure, as
suggested in other PLD-film studies.81–84 The mechanism by which the substrate is
reduced is illustrated in Figure 4.7. During film deposition, we suppose that not all of the
oxygen from the target is transferred to the film and that there is negligible incorporation
of oxygen from the gas phase into the films. As a consequence, the growing film is
severely oxygen-deficient and scavenges oxygen, therefore, from the substrate and
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buried films (Fig. 4.7(a), (b)), a process previously verified by secondary ion mass
spectrometry (SIMS)82,85 and in situ synchrotron-based X-ray techniques86. Here it can be
shown that in this case the entire substrate was reduced by considering the reduction
kinetics and the deposition time. Since reduction of the substrate involves the chemical
diffusion of oxygen out of the substrate and into the film(s), that is, the ambipolar diffusion
of oxygen ions and electrons, the relevant kinetic parameter is the chemical diffusion
coefficient of oxygen. For the deposition conditions, this quantity is given by112 𝐷"¨ = 3𝐷©
(with 𝐷© being the diffusion coefficient of oxygen vacancies). With the literature value113 of
𝐷© = 106ª.Cª cm2 s-1 at 750 °C and the total deposition time (from the deposition of the first
film until the end of the deposition of the final film) of 𝑡«’” = 363 min, one obtains a
characteristic diffusion length (i.e. the spatial extent of reduction) of -𝐷"¨ 𝑡«’” =
®3𝐷© 𝑡«’” ≈ 6 mm. This is many times larger than the substrate thickness (of 1 mm), thus
confirming that the entire substrate was reduced during deposition. Further evidence is
that our four-layer film is 2 µm in total thickness, much larger than the recently studied 150
nm Sr0.98La0.02TiO3 (SLTO) thin film deposited on STO substrate that reduced the entire
substrate under similar deposition conditions.81
Not only the spatial extent of reduction but also the degree of reduction can be
calculated quantitatively. Specifically, knowing 𝑛 and [V"•• ] in the Nb:STO substrate (see
previous section), one can calculate an effective oxygen partial pressure 𝑝O’±±
C in the highly
reduced bulk of the substrate, that is, the hypothetical oxygen partial pressure in the gas
phase, if the substrate and surrounding gas phase were in equilibrium. Using literature
data71 for the equilibrium constant of reduction of SrTiO3, Kred(T), it could be found that this
C ••
C
-41 bar. Hence,
effective oxygen partial pressure is 𝑝O’±±
C = (𝐾|’« (𝑇)/(𝑛 [V" ])) ~ 10

during the deposition the substrate became increasingly reduced, reaching the level of
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-41 bar at the end of the procedure. The 𝑝O’±± in the films at the end of the
𝑝O’±±
C ~ 10
C

procedure must have been at least slightly lower than this value (if not several orders of
magnitude lower), because the chemical diffusion of oxygen takes place from regions of
’±±
higher 𝑝O’±±
C (substrate) to regions of lower 𝑝OC (growing films). In this way, this result

confirms that the growing films were not in equilibrium with the gas phase during
deposition because the oxygen pressure in the PLD chamber (> 10-6 bar) was many orders
of magnitude higher than this effective oxygen partial pressure.

Figure 4.7. The PLD induced substrate reduction and re-oxidation process. (a) Deposited films
scavenge oxygen from substrate due to the limited oxygen exchange rate with the atmosphere in
PLD chamber. (b) Reduction of the substrate becomes more severe with the increasing thickness
of the deposited films, and introduction of subsequent layers. (c) Mechanism of the formation of
large oxygen vacancy annihilation region. After deposition, the oxygen incorporates back into the
substrate through the multilayer films as the PLD chamber is backfilled with ~ 600 Torr oxygen and
cooled from 750 °C.

Having considered in detail the movement of oxygen during film growth, I turn now to
the movement of oxygen after film growth. Upon cooling the structure, a process initiated
at 750 °C but in ~ 600 Torr of O2, a re-oxidation front begins to penetrate into the films and
then the substrate. This re-oxidation process requires (just like the reduction process) the
chemical diffusion of oxygen (the ambipolar diffusion of oxygen ions and electronic
species) through the various layers. In contrast to the reduction process, however, the reoxidation process also requires the chemical incorporation of oxygen at the exposed YSZ
surface, that is, molecular oxygen in the gas phase needs to be dissociated and reduced
to oxygen ions in the YSZ solid. Penetrating into the structure, the incorporated oxygen
49

fills some of the oxygen vacancies and annihilates some of the electrons. Since the sample
is being cooled, and both diffusion kinetics and surface reaction kinetics are thermally
activated, the re-oxidation front does not enough time at a sufficiently high temperature to
penetrate far into the substrate: this explains why the vacancy concentration is only
diminished over ~ 7 µm into bulk Nb:STO.

Figure 4.8. SSPM results collected at 500 °C. (a) Nb:STO | 1 μm YSZ film deposited under 1 mTorr
oxygen partial pressure; (b) Nb:STO | 1 μm STO film deposited under 10 mTorr oxygen partial
pressure; (c) Nb:STO | 500 nm YSZ film deposited under 10 mTorr oxygen partial pressure

Here it is important to note, first, that sufficient electronic species are present initially
-41 bar!), which
in all layers (STO and YSZ) due to the high degree of reduction (𝑝O’±±
C ≤ 10

permits chemical incorporation of oxygen at the YSZ surface114 and chemical diffusion of
oxygen through the layers. Second, that incorporation and diffusion through the deposited
films will occur only until there are insufficient electrons in the YSZ layers (YSZ, with its
higher reduction enthalpy, will have a lower concentration of electronic charge carriers at
given T and pO2). As a consequence, the outermost YSZ layer prevents the underlying
structure from attaining equilibrium with the external atmosphere, even though it is a highly
oxidizing environment (Fig. 4.8). Besides, based on the recorded cooling rate vs. time,
the temperature of the sample dropped from 750 °C to below 500 °C in five minutes, after
which the oxygen incorporation reaction freezes-in.115 Since then, it is not critical of how
long the multilayer sample was kept in the high oxygen pressure condition.
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Figure 4.9. The effects of annealing in oxidizing environments on the evolution of STO | YSZ
multilayer surface potential profiles. The surface potential of the STO | YSZ multilayer films
annealed at 600 °C for 24 h under ambient conditions, measured at 500 °C in situ. The annealing
process drastically reduces the [𝑉4•• ] and the potential profile becomes consistently flat across
Nb:STO substrate, as compared to the as-prepared profiles of the same sample in Fig.4.5d.

The next procedure to be regarded is annealing the multilayer film under ambient air
(~ 160 Torr oxygen partial pressure) at 600 °C for 24 h. Oxygen is now able to incorporate
directly via the exposed cross-sectional surface instead of diffusing through the YSZ films
and dramatically reduce [V"•• ] in the bulk. As shown in Fig. 4.9, the absolute CPD value,
under 0 V applied bias, is close to the as-received Nb:STO surface potential , which
indicates that Nb•yz serves as the dominant contributor to the charge carrier density while
the oxygen vacancy concentration has been suppressed orders of magnitude lower than
[Nb•yz ]. , thus yielding a flat, uniform profile across the entire substrate attributed to the
uniform Nb dopant concentration. After annealing, the bias-dependent potential
perturbation present in the as-deposited multilayer film (Fig. 4.5(d)) near the Nb:STO |
STO interface disappeared as well. Since [V"•• ] has been vastly reduced, the ionic
conductivity in Nb:STO substrate and STO films at high temperature is negligible; as Nb•yz
becomes the dominant charge carrier contribution, the evolution of potential profiles
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measured at elevated temperature under bias now indicate electronic conductivity
variation. With [Nb•yz ] = 1.7 x 1019 cm-3, the Nb:STO substrate is electrically conductive
while the STO and YSZ layers are relatively insulating. As a result, the potential profile
throughout Nb:STO substrate remains consistently flat under increasing bias despite the
offset change due to electrostatic potential applied, and the potential drop occurs primarily
in the multilayer region.

4.5 Summary and conclusion

In summary, I produced a quantitative, oxygen vacancy concentration profile derived
directly from local surface potential perturbations measured of cross-sectional STO | YSZ
multilayer oxide films under high temperature (500 °C) ambient atmosphere, in situ, with
nanoscale resolution (< 100 nm). The semiconductor dopant analysis used to convert
surface potential to vacancy distributions could potentially be applied to other transition
metal oxides in which oxygen vacancies are donor dopants. This process yields
unprecedented, spatialized information of the fundamental building blocks driving
functionality at the nanoscale, which impacts systems ranging from resistive switching in
perovskite-type oxides116 to superconducting/ferromagnetic behavior at interface of
LaAlO3 | SrTiO3 heterostructures63,64,68. The evolution of the surface potential within the
Nb-doped SrTiO3 substrate with various STO and YSZ thin film layers provided direct
evidence of extreme reduction under commonly employed PLD deposition conditions that
result from the deposited layers scavenging oxygen from the substrate, thus yielding
enhanced bulk oxygen vacancy concentrations. We note that other commonly used
substrates, such as LaAlO3, MgO and various scandates, are less likely to be reduced,82
and could potentially be used to avoid such profiles in the defect evolution during the
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deposition process. The large surface potential gradients found within the substrates
supporting as-prepared, PLD-deposited multilayer films to nominally flat profiles after a
600°C oxidizing anneal confirms the direct contributions of local vacancy concentrations
on in situ potential perturbations. These results of profiling vacancy distributions,
combined with the systematic evaluation of heterostructured thin film components
highlight the extent of PLD-induced defect levels in oxide substrates, likely impact
interfacial phenomena. Finally the results presented here also show the promise of in situ
scan probe techniques to investigate vacancy-mediated phenomena in complex oxides
heterostructures under harsh environments, including electrochemical redox activity,
which will be introduced in the upcoming chapters.
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CHAPTER 5
PROCESS AND MECHANISM OF CO2 REDUCTION REACTION ON GADOLINIUM
DOPED CEO2 SURFACE IN SOEC

5.1 Background

Atmospheric greenhouse emissions, especially carbon dioxide (CO2) levels,
stimulates research focus in efficiently converting CO2 into production of methane, syngas,
and other carbonaceous fuels that requires deliberate catalyst design.117 Due to their high
activity, expensive noble metal electrocatalysts remain utilized in industrial battery and
electrolyzer device applications,118–120 which motivates the pursuit of abundant, earthfriendly, cheaper, alternative materials.121 Ceria (CeO2) is a rare-earth oxide used in watergas-shift122,123, steam reforming124,125 and emissions applications,126 that is also being
explored as a CO2/CO co-electrolysis catalyst.127
Understanding the microstructure-electrochemical activity balance within CeO2
requires operando characterization techniques capable of direct measurements under
realistic reaction environments. Electron microscopy has resolved real-time phase and
structural dynamics during redox reactions in ceria nanoparticles under reactive
environments.128 In situ scanning tunneling microscopy was recently implemented to
probe the surface chemistry and electronic structure in La0.8Sr0.2CoO3 (LSC) perovskite
electrodes under near ambient pressures.129 In situ ambient-pressure X-ray photoelectron
spectroscopy (AP-XPS) studies mapped local potential losses along ceria surfaces during
electrochemical operation to define the active region.7,15,130,131 In situ AP-XPS
demonstrates excellent sensitivity to composition and adsorbate/surface chemical states,
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but cannot fully resolve surface potential regions of interest below ~ 20 µm, as limited by
its synchrotron source.
Most scanning probe microscopy (SPM) studies of solid-oxide electrocatalysts are
performed at room temperature, such as ex situ topographic imaging to monitor surface
morphology.132,133 Advanced SPM methods, such as electrochemical strain microscopy,
were used to detect displacements along Pt-yttria-stabilized zirconia (YSZ) triple phase
boundaries (TPB).40 I introduced in the previous chapters about our recently development
of a custom-made sample chamber to scan electroactive materials at intermediate
temperatures (400 °C – 800 °C) and within gas environments.47 The chamber has been
implemented to perform high temperature scanning surface potential microscopy (HTSSPM) for the direct, operando observation of potential profiles that define active zone
and TPB widths of mixed and electronic conducting electrode-electrolyte interfaces,52 and
to track surface potential evolution in YSZ electrolytes as a function of temperature to yield
the locally-derived activation energy.9 Overall the high temperature in situ SPM community
continues to grow and progress with real-time studies of electroactive oxides, phase
transitions, and mixed conduction.134 Models of the surface and near-surface chemistry of
ceria must account for defects in high concentrations. As such the Poisson-Cahn (PC)
formalism is typically employed,135,136 which describes the segregation of defects such as
dopant cations and oxygen vacancies to the surface and near-surface region in
concentrated solid electrolytes and mixed conductors. Here, through combining in situ HTSSPM and PC models, the electrochemical activity of the Au/gadolinium doped ceria
(GDC) catalyst interface supported on a YSZ electrolyte was explored. HT-SSPM yields
the surface potential profile along the Au | GDC interface to define the electroactive region
and overpotential gradient. The PC formalism was subsequently applied, yielding a
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simplified model of the surface defect concentration profiles in ceria to provide qualitative
feedback with the experiment.

5.2 Model sample geometry and measurement method

Figure 5.1. (a) Illustration of sample geometry and Au | GDC interface reaction; (b) XRD pattern of
epitaxial GDC film on YSZ (001) single crystal. Adapted from ref[137].

The model sample geometry comprised a 40 nm (20%) Gd:CeO2 thin film (GDC)
deposited onto 500 µm thick (001) single-crystalline YSZ (MTI) by RF sputtering (Fig.
5.1(a)) which was annealed at 600 °C for four hours to crystalize. X-ray diffraction analysis
(X’Pert PRO, PANalytical) showed that only GDC (200) and (400) peaks appear with a
single YSZ (200) peak, likely indicative of a heteroepitaxial GDC/YSZ interface (Fig.
5.1(b)). A lithography-evaporator process yielded a 200 nm Au current-collecting electrode
with a sharp, well-defined edge. The entire back of the YSZ substrate was coated by a
porous Ag paste counter electrode (Ted Pella LeitsilberTM). HT-SSPM measurements
were performed using our custom chamber47 to scan under operating environments with
a conductive tip (ASYELEC-01, ƒ = 70 kHz). The sample was heated to 500 °C for one
hour to achieve thermal equilibrium. A CO/CO2 mixture gas balanced with N2 (Airgas;
0.4%:20%:79.6%) was then introduced into the chamber in a flow rate of 160 ml/min.
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During HT-SSPM measurement, the porous Ag electrode maintained ground while
external biases were applied to the Au current collector. Here heterogeneous CO/CO2
redox reactions occurred at the Au | GDC electrode under positive/negative biases applied
to the sample, respectively.

5.3 Experiments and data analysis

Fig. 5.2 shows the results of topographic (Fig. 5.2(a)) and in situ HT-SSPM imaging
(Fig. 5.2(b) - (d)) collected at 500 °C under – 2 V, 0 V, and 2 V applied bias, respectively.
Fig. 5.2(e) shows the potential line profiles taken from the HT-SSPM images found in Fig.
5.2(b) – (d). Here the open circuit voltage is considered to be zero as both electrodes are
exposed to a uniform gas environment when equilibrium is achieved, thus the
electrochemical reduction reaction is described as:16
j
½
𝐶𝑂C (𝑔) + 𝑉4∙∙ + 2𝐶𝑒F<
⟶ 𝐶𝑂(𝑔) + 𝑂4½ + 2𝐶𝑒F<
,

( 5.1 )

where in the Kröger-Vink notation, VO˙˙ is an oxygen vacancy with effective 2+ charge,
CeCe′ is a cerium-localized electron with effective 1- charge, and OOx and CeCex are neutral
lattice oxygen and cerium, respectively.
The potential profile variation under 0 V (Fig. 5.2(e); middle), reflects the variation in
work function and surface charge, particularly at the Au | GDC interface. The application
of positive or negative bias promotes the electro-oxidation or electro-reduction reactions,
respectively, which becomes the dominant contributor to the surface potential measured
by HT-SSPM. Note the surface potential on the Au under external bias is appreciably less
than the applied voltage 2 V and slightly greater than the applied voltage -2 V. For the
positive overpotential, the difference is attributed to the presence of negatively-charged
adsorbates (e.g., singly charged carboxylates).5 For negative applied biases (Vapp = - 2 V),
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the observed surface potential difference of ~ 0.3 V is significantly higher than any
expected contribution from positively-charged adsorbates. This feature is likely due to the
surface accumulation

of

graphitic

carbon deposits

on

the Au

through

CO

disproportionation under -2 V bias,16,138 as the work function of carbon (fC ~ 5.0 eV) is
slightly lower than that of gold (fAu ~ 5.31 eV).139 During SSPM imaging a lower work
function will manifest as a more positive CPD, i.e. CPD = Vtip - Vsample. Here the work
function difference between carbon and gold is ~0.31 eV, close to the 0.3 V difference
between the measured potential and applied voltage on Au current collector.

Figure 5.2. SSPM results collected under 500 °C in mixture gas; from top to bottom: (a) Topography,
(b), (c), (d) surface potential collected under 2 V, 0 V, -2 V, respectively; (e) Potential profiles
extracted from the surface potential images. The dotted blue line represents the Au | GDC interface.
Adapted from ref[137].

HT-SSPM was also performed under ambient air environments at 500 °C (Fig. 5.3(a)).
Compared to the profiles in the CO/CO2 gas mixture (Fig. 5.3(e)), the surface potential on
the Au remained unchanged for an applied bias of 2 V, while the Au under – 2 V no longer
exhibited a positive 0.3 V variation in the surface potential. The trend of the profile under
- 2 V bias in ambient air starkly contrasts the profile measured in mixture gas: the clear
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space charge potential observed at the GDC | Au interface within CO/CO2 environments
at 500°C is significantly reduced under ambient air conditions.

Figure 5.3. SSPM surface potential profile collected in (a) ambient air; (b) CO2/CO/N2 mixture gas
under 500 °C; (c) Macroscopic currents collected in mixture gas and in air under various biases.
Adapted from ref[137].

Moving onto the ceria electrode from the Au, a steep change in the cell potential
occurs that is likely attributed to the spillover of adsorbates from ceria onto the gold surface.
Under open-circuit conditions, the surface potential of ceria is negative under both oxygencontaining (Fig. 5.3(a)) and CO2-containing (Fig. 5.3(b)) atmospheres. This is likely due to
the presence of negatively-charged adsorbates. The behavior of the surface potential in
both environments under cathodic and anodic potentials can be understood via oxygen
vacancy considerations: cathodic potentials increase the concentration of positivelycharged vacancies, which accumulate at the surface in relatively large amounts due to
electrostatic contributions along with an energetic affinity for surface segregation. Under
anodic potentials, the opposite holds: the system becomes starved of oxygen vacancies,
and the surface potential becomes strongly negative.
The macroscopic current vs. voltage (I-V) response was also collected (Fig. 5.3(c)),
both in mixed CO2/CO (red) and ambient air environments (blue), respectively. The large
currents under ambient air result from the oxygen redox reaction. Introduction of the
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CO/CO2 mixture dramatically reduced the oxygen partial pressure and the dominant
current instead originated from the reaction shown in Eq. (5.1). The limited CO partial
pressure in the gas mixture suppressed the reaction to cause the current reduction. The
asymmetric I-V character is likely due to the graphitic carbon on the GDC | Au interface
under cathodic bias, which enhances the electronic conductivity of the GDC surface and
promotes CO2 reduction in yielding a higher. This pattern further implies the existence of
CO disproportionation under cathodic bias.

5.4 Simulating oxygen vacancy distribution in depth direction using Poisson-Cahn
Model

A model of the ceria electrode considering a dopant cation, a small-polaron electron
localized at cerium ions (leading to a Ce3+ state), and oxygen vacancies was derived and
implemented. A negatively charged adsorbate state – such as carboxylate – was also
considered. The PC formalism was coupled with a zero-dimensional electrochemical
model for the cell, which considered (for simplicity) the near-surface space charge region
to be in equilibrium. Although the thin film cell does not conform to zero-dimensional
symmetry – modeling the potential drop due to charge transport resistance moving away
from the current collector requires at least a one-dimensional treatment – and there is no
reason to believe that the space charge zone will remain in equilibrium while current is
being drawn, this simplified treatment can still offer some qualitative insight.
The equilibrium space charge assumption enables a separation of the nonequilibrium
cell model from the Poisson-Cahn model: the cell model can be solved first, yielding bulk
defect concentrations and adsorbate concentrations as a function of applied potential, gas
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composition and temperature. Then the bulk and surface concentrations can be used as
boundary conditions for the space charge model.
The adsorption reactions considered are:
j
½
𝐶𝑂C (𝑔) + 𝐶𝑒F<
⟶ (𝐶𝑂C )j − 𝐶𝑒F<
,
½
j
½
(𝐶𝑂C )j − 𝐶𝑒F<
+ 𝑉4∙∙ + 𝐶𝑒F<
⟶ 𝐶𝑂 (𝑔) + 2𝑂4½ + 2𝐶𝑒F<
,

( 5.2 )
( 5.3 )

with (CO2)′—CeCex the adsorbed carboxylate species. The corresponding rate
expressions are:
𝑟u = 𝑘u [𝑝F45 𝑎< (1 − 𝜃) − 𝜃/𝑘u ],

( 5.4 )

𝑟J = 𝑘J [𝜃𝑎À 𝑎< − 𝑝ÁÂ (1 − 𝜃)/𝑘J ],

( 5.5 )

with ra the rate of adsorption and ri the rate of incorporation, ka and ki the corresponding
rate constants, ae and av the activities of electrons and vacancies respectively, in the bulk,
and 𝜃 is the site fraction of carboxylate. With all other processes in the electrode (other
than the transport of oxygen vacancies in the electrolyte) considered to be in quasiequilibrium, the current is controlled by these rate expressions.
Given a solution to the cell model, the free energy functional for the space charge
region is written:
ℱ[𝑦, 𝑛, 𝑣, 𝜙; 𝜃, 𝑇] = Φ(𝑦= , 𝑛= , 𝑣= , 𝜃, 𝑇) − 𝐹𝑁= 𝜃𝜙=
Ñ

+ É [𝑊 (𝑦, 𝑣, 𝑛, 𝑇) +
™

1
1
1
1
𝑐Ì |∇𝑦|C + 𝑐À |∇𝑣|C + 𝑐Ï |∇𝑛|C − 𝜖~ 𝜖™ |∇𝜙|C
2
2
2
2
+𝐹𝜙(2𝑁 𝑣 − 𝑁𝑛 − 𝑁𝑦)]𝑑𝑥,

( 5.6 )

with p the electrostatic potential; y, n and v the concentrations of dopant, electrons and
vacancies, respectively, with the subscript s pertaining to a surface concentration; the
functions 𝚽 and W intensive free energy expressions for the surface and bulk, respectively;
cy, cn and cv gradient energy coefficients for dopants, electrons and vacancies,
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respectively; N, Nv and Ns are the density of sites for cations in the bulk, vacancies in the
bulk, and at the surface, respectively; and L the length of the space charge region.
Assuming that the dopant is uniformly fixed at the bulk concentration throughout
(justifiable due to the low-temperature deposition process), the Euler-Lagrange equations
are:
𝑐 ∇C 𝑣 =

VÔ

𝑐Ï ∇C 𝑛 =

VÔ

VÀ

VÏ

∇C 𝜙 = − Õ

+ 2𝑁 𝐹𝜙,

( 5.7 )

− 𝑁𝐹𝜙,

( 5.8 )

‚

Ö Õ×

(𝑁𝑛 + 2𝑁 𝑣 − 𝑁𝑦),

Ñ

Ñ

∫™ (𝑣 − 𝑣̅ )𝑑𝑥 = ∫™ (𝑛 − 𝑛Ù)𝑑𝑥 = 𝑁= 𝜃,

( 5.9 )
( 5.10 )

where the final integral equations are conservation of mass constraints: the integrated
difference between the average concentrations (indicated with a bar) and the
corresponding concentration profile must be balanced by the number of adsorbed states
at the surface.
Many of the model parameters – in particular, those pertaining to the equilibrium
constants and activity expressions appearing in Eq. (5.4) – (5.5), which also appear in the
functions 𝚽 and W – by fitting to data on surface and bulk concentrations of electrons
measured by Chueh, et al.130 Other parameters – chiefly those pertaining to the rate
constants ka and ki, were adjusted to approximate the measured cell current.
Model results for -2 V overpotential appear in Fig. 5.4, which depicts the electrostatic
potential and the oxygen vacancy concentration in the vicinity of the space charge region
near the ceria surface in the z (thickness) direction. The simulation shows a highly reduced
bulk, as expected for the large applied overpotential, leading to a large electron and
oxygen vacancy concentration in the ceria bulk. The surface is further enriched with
vacancies due to the affinity of vacancies for the surface, leading to a positive surface
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potential, in accordance with experiment. Results from the positive bias case did not
converge, as the applied potential of +2 V is too large to accommodate the assumption of
equilibrium throughout the surface region used in the present study.

Figure 5.4. Distribution of electrostatic potential and oxygen vacancies along (z) depth direction
under cathodic bias (-2 V) simulated with PC models. Adapted from ref[137].

The simulation results for the CO2/CO case form a qualitative understanding of the
SSPM results in ambient air. Because air is the more oxidating environment, the degree
of reduction – i.e., the concentration of oxygen vacancies and electrons – will be lower.
Consequently less oxygen vacancies segregate to the surface and a concomitant
decrease in positive surface potential is observed in the SSPM scans.
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5.5 Summary and conclusion

In summary, I performed HT-SSPM profiling of electroactive Au/GDC electrode
interfaces under reaction gas environment. The application of cathodic/anodic biases to
Au induced the accumulation/depletion of surface oxygen vacancies within GDC. Charged
adsorbate-oxygen vacancy interactions along the GDC surface manifested as a small HTSSPM potential perturbations of opposite sign in reference to the applied bias. The
resulting work function changes and asymmetrical I-V character suggest that graphitic
carbon deposition occurs under cathodic bias. The Poisson-Cahn formalism derived for
ceria under cathodic bias estimated the distribution of the electrostatic potential and
oxygen vacancies in the depth dimension, further validating the affinity of oxygen
vacancies for the GDC surface. It is anticipated that the qualitative agreement between in
situ microscopy and PC models opens the pathway towards improved combined studies
of electroactive species in oxides that disrupt the empirical measure-model cycle to
directly yield kinetically relevant material parameters. In the future work, interesting
electrochemical phenomenon at the electrode/electrolyte interfacial region will be
investigated in a 2-D planar SOEC geometry.
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CHAPTER 6
FACTORS CONTROLLING CO2 REDUCTION REACTION ON PURE AND GDO1.5
DOPED CERIA ELECTRODE SURFACE IN SOEC

6.1 Background

As introduced in the previous chapter, ceria based SOEC electrodes are a promising
activation

site

for

water-gas-shift122,123,

steam

reforming124,125

and

emissions

applications,126 and was explored as CO2/CO co-electrolysis catalysts. CO2 reduction on
CeO2 electrode surfaces are considered to form either carbonate (CO32-) or carboxylate
(Ce-CO2δ-) reaction intermediates yet the actual mechanism is still under debate.2–7
Specifically, the role of GdO1.5 dopant concentration and the oxygen vacancy introduced
play in determining the performance of GDC as an electrode in SOECs for CO2 reduction
is rather obscure. Till now, limited research has been performed to investigate GDC as a
SOEC electrode materials under CO – CO2 gas environment.140
In the previous research, ambient pressure X-ray photoelectron spectroscopy (APXPS) has been vastly utilized to analyze the surface reaction process.7,15,131,141 Water
electrolysis reaction on a ceria based single chamber SOC was investigated by AP-XPS
and the reaction mechanism, including Ce3+/Ce4+ oxidation-reduction changes and active
electrochemical reaction zone size, were determined under realistic temperature and
atmosphere.15 And subsequent research in regard of CO2 reduction reaction on the similar
SOC design revealed the existence of carbonate and graphitic carbon on ceria surface by
AP-XPS.7 Except for the surface chemical species identification, XPS is capable of
determining the surface potential change as well. With this functionality, AP-XPS has been
utilized to measure the surface potential vs. overpotential applied, revealing the polarity
65

characteristic of different surface adsorbate.131 As seen, AP-XPS possesses the
outstanding advantage of analyzing both the chemical state of surface species and the
surface potential, which is informative to analyze the reaction mechanism in an operating
SOEC system. However, the resolution of current AP-XPS instrument in both laboratory
and synchrotron facility is still limited to micrometer scale,142 which could not fulfill the
increasing demand for probing interfacial phenomenon in submicron scale. And AP-XPS
is a synchrotron-based technique, which limited its application scope.
SSPM technique (or SKPM, KPFM), as a subset of AFM technique probing surface
potential of materials, shows promising potential to collect charged surface adsorbates
information and electrostatic potential evolution along SOEC assemblies in nanometer
scale. A recent study has applied time resolved KPFM technique to investigate the
affection of humidity and temperature to the local electronic and ionic motion in ceria based
electrochemical system.143 Yet the highest measurement temperature in that study is
100 ℃, deviating far from realistic operation conditions. Limitations of this technique in
characterizing SOEC related materials relate to the restriction of AFM system to operate
under elevated temperature (> 500 °C). As reviewed in Chapter 2 recent progress has
overcome this shortcoming of the technique and brought it into this uncharted area.
In the previous chapters, I demonstrated the stability of in situ HT-SSPM technique
under variable temperatures. And probing the vacancy behavior in the heterostructure
multilayer assemblies demonstrated the high resolution feature of this technique (sub-100
nm). And the research done to probe the in situ surface potential evolution along Au |
Gd:CeO2 electrode interfaces and correlate the surface potential variation to the
interaction of oxygen vacancy and charged surface adsorbates has shown the possibility
to introduce reactive gas into the measurement system. While the results are encouraging,
it will be more informative to focus on the interfacial region of triple-phase boundary, which
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requires a special designed sample geometry and refined measurement method as well
as a proper interpretation of the measurement results.
With the achieved sub-100 nm resolution of in situ HT-SSPM, the underlying
information at the electrode/electrolyte interface, including the active reaction zone size,
chemical intermediate in the reaction and electrode overpotential in accordance to the
extrinsic dopant concentration, has been investigated. And combined with theoretical
modeling which is going to be performed by our collaborators, Prof. David Mebane (West
Virginia University), the oxygen vacancy dynamics as well as their interaction with surface
adsorbates of electrochemical reaction intermediates will be revealed.

6.2 Experiments and data analysis

6.2.1 Model sample geometry and measurement methods

In order to create an open triple phase boundary region for SSPM to get access to in
SOEC, a planar sample geometry with the electrode/electrolyte interface exposed will be
prepared. E-beam lithography was used to define the pattern of current collector and ceria
electrode. 10 nm alumina blocking film was firstly deposited onto the 2.5 mm × 5 mm YSZ
single crystal via RF-sputtering before 200 nm Au being deposited by e-beam evaporation
to avoid direct ionic exchange between Au and YSZ substrate. Afterwards, 100 nm ceria
electrode was RF-sputtering deposited, half of which covered the Au current collector and
extends onto the YSZ substrate, as depicted in Fig. 6.1.
In this electrode geometry, HT-SSPM measurement will focus on the region of CeO2
at which YSZ and Au junction are beneath. It is the triple-phase boundary region where
most of the electrochemical reaction takes place under anodic or cathodic bias. And
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considering the MIEC behavior of CeO2 under reactive gas environment, the active region
will extend towards both direction.

Figure 6.1. Illustration of planar geometry SOEC model sample with CeO2/Au working electrode.

Samples will be mounted onto the copper stage in the miniature environmental
chamber. Thin gold wire designed for wire bonding will be connected to the two current
collectors and the electrical feedthrough for external bias.
In the measurement, the Pt counter electrode is grounded all the time while external
biases are applied to the gold current collector within working electrode (CeO2/Au). When
external bias applied, CO2 reduction reaction takes place at the WE when cathodic bias
applied while CO oxidation reaction takes place when anodic bias applied. After sample
heated to desired temperature (400 – 500 °C), reactive gas (A CO/CO2 mixture gas
balanced with N2) will be introduced into the environmental chamber. And the SSPM
results will be collected under both CO2 reduction and CO oxidation process on the
working electrode.
By changing the gadolinia dopant concentration in ceria under various biases and
gas environment, the correlation established between the interfacial polarization during
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CO2 reduction and the factors mentioned above assisted to identify the rate limiting
process in the CO-CO2 electrochemical reactions.

6.2.2 Results

Fig. 6.2 is the I-V characteristics of SOEC with various GdO1.5 dopant concentration
from 0 – 30 mol% in ceria electrode, measured in the miniature environmental chamber
at 500 ℃ in both air (Fig. 6.2(a)) and mixture of CO2 / CO / N2 environment (Fig. 6.2(b)).

Figure 6.2. I-V characteristics of SOEC with ceria based electrode of different GdO1.5 dopant
concentration measured (a) in air; (b) in mixture of CO2 / CO / N2

When measured in the air, the current magnitude vs. gadolinia dopant concentration
does not follow a general trend. On the contrary, when measured in mixture of CO2 / CO
/ N2, the SOEC with higher gadolinia dopant concentration electrode manifested higher
current except for the 30 GDC which decreased adversely. While in both cases, the
20GDC (20 mol% GdO1.5 dopant) demonstrates the highest current values compared to
the rest of the GDC composition under the same external biases in both air and reactive
gas environment. Though it is widely known that higher gadolinia dopant in ceria will create
more oxygen vacancies in the materials, which corresponds to higher ionic conductivity,
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the ceria film thickness here is only 200 nm. Considering the charge transportation
pathway, the oxygen ion will migrate 200 nm from the ceria top surface perpendicularly
into the underlying YSZ electrolyte, then transport across ~ 2 mm in YSZ to reach the Pt
counter electrode. As a result, the ionic resistance in 200 nm ceria is negligible compared
to that in the 2 mm YSZ, which means the variation of the current measured with GdO1.5
dopant concentration is not a result of higher ionic conductivity in ceria electrode.

Figure 6.3. In situ SSPM results collected in mixture of CO2 / CO / N2 gas environment at 500 ℃
under various biases on SOEC electrode composed of (a) pure CeO2 ; (b)10 mol% GdO1.5 doped
CeO2; (c) 20 mol% GdO1.5 doped CeO2; (d) 30 mol% GdO1.5 doped CeO2.

Fig. 6.3 is CPD profiles across the interface of Au | YSZ covered by ceria measured
at 500 ℃ in mixture of reactive gas atmosphere. When cathodic bias applied to the ceria
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electrode, i.e., positive bias applied to the counter electrode Pt, the potential loss across
the interface decreased with increasing GdO1.5 dopant concentration in general, yet again
increased adversely across 30 GDC surface. While under anodic biases, i.e., negative
biases applied to the counter electrode Pt, the potential loss is almost consistent across
different GdO1.5 dopant ceria surface. To more quantitatively express this trend, the
potential loss across 40 μm around the triple phase boundary is extracted from the profiles
and plotted in Fig. 6.4.

Figure 6.4. The interfacial polarization over 40 μm scanning region by SSPM. Only under large
cathodic bias (2V), the potential loss shows a strong correlation to the GdO1.5 dopant concentration.

6.2.3 Overpotential at electrode / electrolyte interface

At the interface of the cathode/electrolyte, the potential loss is consisted of three
major components: 1. activation loss, 2. concentration loss and 3. Ohmic loss. In Fig. 6.4,
under 1V cathodic bias and all the anodic biases, the polarization magnitude at the
interface is not consistently proportional to the GdO1.5 dopant concentration. It means that
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the catalytic activity is not strongly correlated to the GdO1.5 dopant concentration in the
ceria under lower cathodic biases and anodic biases.
Under low cathodic bias, 1V, the activation loss and Ohmic loss are the primary
limitation to the electrochemical activity of ceria based electrode. Previous research has
indicated that GdO1.5 doped CeO2 has a higher activation energy, Ea, for electron
transportation in the lattice than pure CeO2 does,144 which induced Gd:CeO2 showing a
lower electronic conductivity. Since both oxygen vacancy and electronic conductivity are
critical to activate the electrochemical reaction, it explains why the there is no obvious
trend of potential loss with the GdO1.5 dopant concentration under low cathodic biases.145
However, when the cells were biased under high cathodic voltage, 2V, a clear trend
shows up. The potential loss at cathode/electrolyte interface decreases with the increase
GdO1.5 dopant concentration from 0 to 20 mol%. The reason is due to the role of oxygen
vacancy concentration playing in the catalytic reaction becomes dominant under high bias
since rate of oxygen vacancy supplying to the electrochemical active zone is strongly
correlated to the available oxygen vacancy concentration in the materials.
While under all anodic biases, the potential loss at the anode/electrolyte interface is
affected neither by the magnitude of voltage or the GdO1.5 dopant concentration. The
reaction at the anode side is the carbon monoxide oxidation reaction. Firstly, this reaction
is the oxygen ion left the ceria lattice and reacted with CO in the gas environment, donating
two electrons to the external circuit, which does not require oxygen vacancy to participate
while it is just a by-product of the reaction. Therefore, the oxygen vacancy concentration
is not determining the catalytic activity. Besides, compared to the CO2 reduction reaction,
™
which requires significant energy to break the awfully stable chemical bonds (Δ𝐻CÜÝÞ
=

283.2 𝑘𝐽 𝑚𝑜𝑙6B (CO2))117 and also requires a higher activation energy, CO oxidation is an
exothermic reaction and with a lower activation energy. Therefore, the majority of the
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overpotential will takes place at the cathode side, explaining why the anode side is not
proportional to the GdO1.5 dopant in ceria and applied anodic biases magnitude.

6.2.4 Outlier composition at 30 mol% GdO1.5 dopant in ceria

It is worth mentioning here that there is one exception of the trend, which is the
sample using 30 mol% GdO1.5 doped ceria electrode. While with the highest oxygen
vacancy concentration, SOEC made of this electrode always surprisingly demonstrates a
much higher overpotential at the cathode/electrolyte interface, as well as the lowest
measured DC current across the sample compared to other samples with lower GdO1.5
composition in the electrode at the same condition. Just like YSZ which has its optimal
dopant concentration (8 mol% yittria) to achieve the highest ionic conductivity, ceria also
has its optimal GdO1.5 dopant concentration. When the GdO1.5 dopant increases, the
fluoride structure of the ceria lattice (Fig. 6.5(a)(left)) is stable and more “free” oxygen
vacancies are introduced in to the lattice while oxygen ion is able to move through the
saddle point between Ce4+ and Gd3+ cations (Fig. 6.5(b)(left)), which enhance the
electrode’s catalytic activity and ionic conductivity. Once the extrinsic GdO1.5 dopant
reaches its critical value, 20 mol %, the GDC electrode owns the highest amount of “free”
oxygen vacancies(Fig. 6.5(b)(middle)), explains the lowest overpotential under large
cathodic bias. After that, with more GdO1.5 introduced into ceria lattice, the lattice structure
start to transform from fluoride structure to bixbyite structure(Fig. 6.5(a)(right)). In the latter
case, clustering of oxygen vacancy will cause themselves “frozen” in the lattice and
become immobile(Fig. 6.5(b)(right)), therefore limited the electrochemical reaction and ion
hopping in the lattice.146,147
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As a result, when the GdO1.5 reached 30 mol%, due to the “frozen” of oxygen vacancy
in the ceria electrode, vastly reduced amount of oxygen vacancies are able to be supplied
to the electrochemical active zone to assist the CO2 reduction reaction, which caused the
depression of the reaction, manifested as higher macroscopic current and interfacial
polarity.

Figure 6.5. (a) Unit cell of (left)pure CeO2 (fluorite structure) and (right)GdO1.5(bixbyite structure).
(b) Illustration of oxygen vacancy presence in GdO1.5 doped ceria structure. When the dopant
concentration is at (left)10 mol% and (middle)20 mol%, the oxygen vacancy is free to move across
the saddle point, while at (right) 30 mol%, oxygen vacancy clustering cause them “frozen” in the
lattice and become immobile. Adapted from ref[146].
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6.2.5 Abrupt potential perturbation on pure ceria surface under cathodic biases

In Fig. 6.3(a), it could be noticed that there is an abrupt potential perturbation at the
interface of Au | YSZ covered by pure ceria. This potential perturbation is repetitively
detected in all the three pure ceria samples prepared and at multiple locations.
Interestingly, this perturbation only shows up after applying a 2V cathodic biases, and
stably exist there no matter what biases applied to the Pt counter electrode afterwards.
Only after introducing ambient air back into the chamber and kept the sample at 500 ℃
for 10 minutes, the perturbation start to diminish and finally disappeared. Comparison of
the profiles measured in reactive gas and in air after exposed to reactive gas is shown in
Fig. 6.6. The potential perturbation is specifically denoted with purple color in Fig. 6.6(a).
Such behavior monitored by SSPM is suspected to be ascribed to the accumulation
of graphitic carbon, which was due to the carbon monoxide disproportionation reaction.
Or it could be CO2 reduction reaction intermediates. For instance, one possible CO2
reduction reaction mechanism involves the reaction intermediate carboxylate, and the
process under equilibrium could be described as:
𝐶𝑂C(ã) + 𝐶𝑒F< j ⇋ (COC )j − 𝐶𝑒F< ½ ,
(COC )j − 𝐶𝑒F< ½ + 𝑉4 ∙∙ + 𝐶𝑒F< j ⇋ 𝐶𝑂(ã) + 2𝑂4 ½ + 2𝐶𝑒F< ½ ,

( 6.1 )
( 6.2 )

with (COC )j − 𝐶𝑒F< ½ the adsorbed carboxylate species. If the Eq. (6.2) is the rate limiting
process, the surface coverage of (COC )j on the electrode will be expanded and manifested
as a surface potential bump compared to the OCV condition. On the contrary, the other
possible intermediate, carbonate (CO* )jj has been recently claimed to be nonpolar
adsorbates on ceria surface based on AP-XPS measurement results,131 which may not
induce a distinct potential variation.
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However, all these assumptions about possible factors that may contribute to the
surface potential perturbation existed merely on pure CeO2 electrode is just based on the
view of charged species affecting the surface potential. As mentioned before, the actual
composition of surface potential measured by SSPM is extremely complicated. Prof. David
Mebane in West Virginia University is collaborating with our group on this project and is
going to implement electrocatalytic phase-field modeling (EPFM) to decouple the surface
potential measured by SSPM into different components: 1. External electrostatic potential;
2. Surface charges (induced by chemical adsorbates and oxygen vacancy dynamics); 3.
Work function difference between the sample and the tip. This work will be critical to
accurately pinpoint the contribution from the 2nd component which directly related to the
oxygen vacancy dynamics and reaction intermediate adsorbates. And the simulation
results could quantitatively correlate the surface potential evolution to the interaction of
oxygen vacancies and surface adsorbates, which could enlighten the path to understand
the fundamental reaction principles of CO2 reduction/evolution at the SOEC electrode.

Figure 6.6. SSPM profiles collected on pure ceria electrode surface (a) in mixture of CO2 / CO / N2
reactive gas (the purple region noted the potential perturbation on ceria surface at YSZ | Au
interface) and (b) exposed to air for 10 mins after measurements done in reactive gas.
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Except for the theoretical simulation, more evidence providing chemical information
of the surface adsorbates is also essential to understand the CO2 reduction mechanism
on ceria based SOEC electrode. In situ ambient pressure XPS, though suffering low
resolution to spatially decipher the triple-phase boundary reactions, is still a great
complementary technique to detect existing chemical information in the size of micron
levels region around the interface, which is good enough to know what kind of adsorbates
actually exist over that region by accurately detect the binding energy of different carbon
states. This, however, requires a synchrotron system to achieve XPS measurement in gas
environment, which is not possible to be done on campus. It would be a promising future
work to collaborate with researchers from Brookhaven national laboratory to conduct
ambient pressure XPS on the SOEC cells used in this research under identical reaction
condition as SSPM measurements and examine which of assumptions proposed is the
truth.

6.3 Summary and conclusion

In general, I prepared SOEC with 2-D planar geometry to investigate the mechanism
and factors controlling the CO2 reduction reaction on ceria based electrode by HT-SSPM.
The overpotential measured at the electrode / electrolyte interface manifested little
correlation to the GdO1.5 dopant concentration in ceria under low cathodic and anodic
biases. Yet when large cathodic bias applied, a negative correlation of the two appears,
while only 30 mol% composition becomes as an outlier. This phenomenon indicated that
the critical factor controlling the CO2 reduction under low cathodic bias is the Ohmic
resistance and the large activation energy. While under high cathodic bias, the lack of
oxygen vacancy site became the dominant limitation factor of reduction reaction since the
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rate of the CO2 adsorption on the surface and O dissociation exceeds the rate of oxygen
incorporation into the oxygen vacancy. And when the GdO1.5 dopant concentration
exceeds 20 mol%, the ceria lattice structure start to transform from fluoride structure to
bixbyite structure, while “free” oxygen vacancies turning to be “frozen” in the lattice
drastically degrading the catalytic activity and ionic conductivity, which should be
responsible for abrupt increase of the overpotential at the electrode/electrolyte interface.
In the future, electrocatalytic phase-field modeling (EPFM) will be implemented to
decouple the different contributions to the final measured SSPM results. It is also expected
to introduce ambient pressure XPS to provide chemical information of the surface
adsorbates during the reaction, verifying the assumptions proposed only based on the
SSPM results.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The major contribution of this work is to have developed a novel in situ high
temperature SSPM technology with customized miniature environmental chamber and
implemented it to quantitatively explore the oxygen vacancy and ion dynamics in complex
oxides and electroactive materials system, answered questions such as the role of PLD
technique played in controlling the interfacial oxygen vacancy concentration, the local ionic
conductivity of YSZ electrolyte in SOFC system and factors controlling CO2 reduction
reaction on ceria electrode surface in SOEC system.
Specifically, in situ scan probe technique is a promising characterization method to
investigate vacancy-mediated phenomena in electroactive materials under harsh
environments, including ionic conductivity and electrochemical redox activity. Through use
of the customized miniature environmental chamber, electrostatic potential gradient along
the charge transportation direction in the YSZ electrolyte cross-sectional surface under
realistic, intermediate SOFC operating temperatures as high as 600 °C was probed. When
combined with macroscopic current and Arrhenius equation, local electrolyte conductivity
and activation energy for anionic oxygen transportation were obtained and consistent with
results collected by bulk measurement techniques.
It is worth noticing that the negligible existence of potential perturbation in the YSZ
electrolyte is due to its uniform materials properties across the electrolyte, while the power
of the SSPM is not fully released. By probing surface potential variation on a crosssectional STO | YSZ multilayer oxide films under high temperature (500 °C) ambient
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atmosphere, in situ, with nanoscale resolution (< 100 nm), and combined with
semiconductor band diagram model, a quantitative oxygen vacancy concentration profile
is derived. And in this case, a large, unique potential perturbation at the interface between
Nb:STO substrate and multilayer films was obtained. The thick deposited oxide films
caused severe reduction of the underlying Nb:STO substrate while the cooling process
with ~600 Torr oxygen participated induced re-oxidation at the substrate/films interface
extending ~7 μm into the underlying substrate.
This discovery provides further evidence to the existence of deposited films
scavenging oxygen from the substrate during PLD deposition process. It also arouses the
attention that cooling process which usually involves high partial pressure of oxygen is
also critical to control the interface oxygen vacancy concentration. These factors will
further impact the electronic property of the complex oxide materials system.
While oxygen vacancy is an n-type dopant in many transition metal oxides, this
technique could be potentially extended to measure oxygen vacancy concentration in
other complex oxide except for STO, which could answer other critical questions in
systems where oxygen vacancy dominate the electronic property such as switching in
perovskite-type oxides116 and superconducting/ferromagnetic behavior at interface of
LaAlO3 | SrTiO3 heterostructures63,64,68.
With the capability of the miniature environmental chamber to perform measurement
in controlled gas environment, it is also interesting to investigate the charge and ion
dynamics at the triple-phase boundary in SOC system where most of the electrochemical
reaction takes place. As a result, I moved my focus to research the CO2 reduction reaction
and the factors affected its efficiency on ceria based SOEC system with in situ SSPM
profiling. I firstly focused on a planar geometry with anode / electrolyte / cathode geometry
parallel to each other. The surface charged adsorbates – oxygen vacancy interaction on
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Au | GDC electrode was monitored. And the resulting work function changes and
asymmetrical I-V character inferred the accumulation of graphitic carbon deposition which
comes from carbon monoxide disproportionation reaction under cathodic biases. The
oxygen vacancy accumulation probed by SSPM qualitatively agree with the oxygen
vacancy profile derived by Poisson-Cahn formalism under cathodic bias.
Finally, I moved to another SOEC geometry with 2-D planar configuration while both
cathode and anode are on the same side of the electrolyte. In this way, the triple-phase
boundary is better defined. By increasing the GdO1.5 dopant concentration in the ceria
electrode, the potential loss near the triple-phase boundary under large cathodic bias
demonstrating a decreasing trend, which is due to the excessive oxygen vacancies
introduced by GdO1.5 dopant and slightly enhanced the electrochemical activity. However,
once the concentration passed 20 mol%, the vacancy clustering effect caused the oxygen
vacancy frozen in the lattice and the potential loss drastically increased after that. This
discovery strengthens the role of oxygen vacancy in the ceria electrode played in CO2
reduction reaction, and provide insights to the design of the ceria based electrode
materials.

7.2 Future work

While the in situ SSPM has demonstrated its ability to resolve oxygen vacancy
concentration in transition metal oxides and SOC system, further improvements of the
technique itself and extension of the area it could be applied will be the future direction of
work.
Currently the SSPM was operated under the amplitude-modulated mode, which
detect the electrostatic force in first resonant frequency and apply DC bias to nullify the
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amplitude to get the surface potential. One big issue of this methodology is that since
electrostatic force is a long-range force, during the measurement, not only the tip apex,
but also the tip cone as well as the cantilever itself will electrostatically interact with the
sample surface, contributing to the overall measured surface potential, which drastically
degraded the resolution of SSPM. Although using tips with long cone could mitigate the
problem, it doesn’t fundamentally solve the issue.
One solution to this issue will be using the alternative operation mode called
frequency modulated SSPM mode. Under this mode, the tip is also driven by AC bias
while the frequency shift instead of amplitude variation in respond to the applied DC
voltage is detected. Since the frequency shift is more sensitive to the force gradient, the
electrostatic force interaction is more confined to the tip apex, which greatly enhance the
resolution of the SSPM results.148
In terms of the miniature environmental chamber, there are also some aspects which
could be further improved in the future. Firstly, the heating element could be changed to
smaller size to reduce the excessive heat dissipated to the cantilever holder, which
impacted the shaking piezo inside it and reduced the stability of the tip dynamics. Secondly,
the pure platinum tip (Rocky Mountain Nanotech 25Pt400B) I used for HT-SSPM
measurement owns a quality factor usually higher than 450 while the resonant frequency
is only ~ 12 kHz. Since the time-constant for a tip to detect local information at a specific
point is proportional to Q/f, where Q is the quality factor, and f is the resonant frequency,
it requires a scan rate as low as 0.3 Hz to obtain stable images, which increased the
thermal drift effect to the overall scanning accuracy. Therefore, switching to a tip with lower
quality factor and higher resonant frequency will be a good solution. Unfortunately,
currently the tips on the market with optimal SSPM performance are coated tips, which
may suffer coating exfoliation under high temperature due to the mismatch of the thermal
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expansion coefficient between silicon and coating. The smaller heater, as proposed before,
might be helpful to alleviate this issue. Lastly but probably the most difficult improvement
will be to redesign the heating chamber to fit into the Cypher ES AFM system. In this way,
the inside gas atmosphere could be better controlled due to the environment controllability
oriented design of this AFM system. It will greatly benefit the research involving reactive
gas, such as studying of SOEC reaction, to measure samples in a fully isolated
environment from the ambient.
Except for the suggestions to improve the in situ SSPM technique, there are also
some further study needed on my current results to better analyze the data collected
already. While measuring the surface potential on the ceria electrode in SOEC system,
the collected results are a convolution of surface charge, work function and electrostatic
potential. It is not possible, as far as in my extent of knowledge, to be clearly separated
merely through experimental method. Therefore, theoretical simulation is demanded to
achieve that. Prof. David Mebane from West Virginia University will provide with
electrocatalytic phase-field modeling (EPFM) to decouple the surface potential measured
by SSPM into different components: 1. External electrostatic potential; 2. Surface charges
(induced by chemical adsorbates and oxygen vacancy dynamics); 3. Work function
difference between the sample and the tip. This work will be critical to accurately pinpoint
the contribution from the 2nd component which directly related to the oxygen vacancy
dynamics and reaction intermediate adsorbates. And the simulation results could
quantitatively correlate the surface potential evolution to the interaction of oxygen
vacancies and surface adsorbates, which could enlighten the path to understand the
fundamental reaction principles of CO2 reduction/evolution at the SOEC electrode.
Besides, while SSPM is strong to characterize nano-scale electrical property of
materials surface, one limitation of SSPM is that it lacks ability to resolve chemical
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information. X-Ray photoelectron microscopy (XPS) will be the great candidate as a
compensation to SSPM to provide chemical information which, in combined with electrical
property, will provide further evidence to the actual CO2 reduction process on the ceria
electrode surface in SOEC. While I have tried to use XPS to probe the ceria surface after
cathodic bias applied and CO2 reduction reaction took place for 30 minutes, only graphitic
carbon was detected on the surface while no carbonate or carboxylate signal shown up.
Since the experiment is not done in situ, either detachment of the intermediate chemicals
from the ceria surface or contamination from the air during sample transferring will hamper
the accuracy of the measurement. As a result, in the future, synchrotron based in situ
ambient pressure XPS could be introduced in the research to probe the sample surface
during the reaction in the well-controlled XPS chamber to acquire accurate surface
chemical dynamics results.
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APPENDIX
MATLAB CODE FOR BAND DIAGRAM ANALYSIS
Function of Fermi-Dirac integration calculation
function [ y N err ] = FD_int_num( eta, j, tol, Nmax )
% Numerical integration of Fermi-Dirac integrals for order j > -1.
% Author: Raseong Kim (Purdue University)
% Date: September 29, 208
% Extended (composite) trapezoidal quadrature rule with variable
% transformation, x = exp( t - exp( t ) )
% Valid for eta ~< 15 with precision ~eps with 60~500 evaluations.
%
% Inputs
% eta: eta_F
% j: FD integral order
% tol: tolerance
% Nmax: number of iterations limit
%
% Note: When "eta" is an array, this function should be executed
% repeatedly for each component.
%
% Outputs
% y: value of FD integral (the "script F" defined by Blakemore
(1982))
% N: number of iterations
% err: error
%
% For more information in Fermi-Dirac integrals, see:
% "Notes on Fermi-Dirac Integrals (3rd Edition)" by Raseong Kim and
Mark
% Lundstrom at http://nanohub.org/resources/5475
%
% Reference
% [1] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P.
Flannery,
% Numerical recipies: The art of scientific computing, 3rd Ed.,
Cambridge
% University Press, 2007.
for N
a
b
t
x
f
y

=
=
=
=
=
=
=

1 : Nmax
-4.5;
% limits for t
5.0;
linspace( a, b, N + 1 );
% generate intervals
exp( t - exp( -t ) );
x .* ( 1 + exp( -t ) ) .* x .^ j ./ ( 1+ exp( x - eta ) );
trapz( t, f );

if N > 1
err = abs( y - y_old );
if err < tol
break;
end
end

% test for convergence
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y_old = y;
end
if N == Nmax
error( 'Increase the maximum number of iterations.')
end
y = y ./ gamma( j + 1 );

Main program of oxygen vacancy concentration profile calculation
%Read-in the potential profile documents from excel files
numx = xlsread('Profiles.xlsx','0V','A1:A256');
numy = xlsread('Profiles.xlsx','0V','B1:B256');
%Surface potential measured on reference sample
ref = 0.1013;
%Work function interpreted from the potential profile
y=-0.10085+numy-ref;
%Total charge carrier density in reference sample
c=1.679e19;
%Boltzmann constant
k=1.3806588e-23;
%Planck constant
h=6.626e-34;
%Electron mass
m0=9.10938291e-31;
%Effective mass
m=7.7*m0;
%Measurement temperature
T=773;
%Effective densigy of states
Nc=2*(2*pi*m*k*T/(h^2))^1.5/1e6
%Loop through all points in the potential profile to calculate
charge
%carrier density
for n = 1:length(y)
%FD integral order
j=0.5;
%Number of iterations limit
Nmax=10000;
%Eta value in Fermi-Dirac Integration
eta=y(n)/0.06661246;
%Tolerance
tol = 1e-30;
%Call Fermi-Dirac integration function
F=FD_int_num( eta, j, tol, Nmax );
%Calculate total charge carrier density D
D(n)=Nc*F;
end
%Calculate oxygen vacancy
Vo = (D-c)/2;
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